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QUARTERLY PROGRESS REPORT JULY-SEPTEMBER 1969 

ON CONTRACT NAS 9-6037 

Development of a Lunar Heat Flow Experiment for ALSE’P 

Summary: During the report period the main effort at Lamont-Doherty 

Geological Observatory has been to complete preparations for real time data 

reduction at MSC. Two documents have been submitted to MSC: 1) describing 

the reduction of ALSEP data in terms of temperatures and temperature differ- 

ences as a function of time, 2) describing the reduction and interpretation 

of the conductivity data in real time at MSC. 

We have continued theoretical investigations of possible disturbances 

of the steady-state thermal field in the lunar surface layer where the ex- 

periment is to be set up. 

the decay from initial conditions: 

the downward propagation of surface disturbances such as the tem- 

There are three main areas of investigation: 

1) 

2) 

perature cycle of a lunation and changes in average temperature and thermal 

properties at the surface when the experiment is set up: 

3) the effect of the fiber glass casing on the downward propagation 

of transient surface effects. 

Under subcontracts, scientists at ADL are continuing on two fmportant 

programs : 

1) the extended testing of the conductivity experiments of the HFE; 

2) mathematical modeling of the thermal conductivity experiment. 

Lastly, we have continued to monitor the development of flight hard- 

ware for the ALSD and to study the most recent results from the Apollo 11 

mission in view of the problems of drilling the lunar soil and conducting 

heat-flow measurements. 
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Data Reduction Procedures: 

Real time data reduction o f  temperature and temperature difference 

measurements: 

Formulation of real tine data requirements for the ALSEP HFE were 

completed during this period. A data reduction procedure was developed, 

tested and submitted to the Manned Spacecraft Center for implementation. 

The analysis programs developed at MSC are currently being tested by the 

Experiments Office using data supplied by the Lamont-Doherty Geological 

Observatory. 

The document, "Real Tine Data Requirements for the ALSEP Lunar Heat 

Flow Experiment," L-DGO Technical Report #2-1969, is appended to this report, 

The method of data reduction proposed in this document differs somewhat 

from that used earlier by ADL and Bendix in test data reduction. 

To speed the reduction process, teqerature and temperature difference 

are calculated using third and fourth order 2-dimensional polynomial func- 

tions with the total resistance of the bridge and the voltage ratio as in- 

dependent variables. The technique has been thoroughly tested at L-DGO. 

Real Time Interpretation of the Lunar Conductivity Emeriments: 

Conductivity experiments at eight locations on the heat flow probes 

will be run during the first 45-day real time observation period on the moon. 

Initially, the heat flow team planned t o  reduce the data o f  these experiments 

and interpret the results in terms of conductivity of the lunar soil using 

a computer facility outside of MSC. 

pretation of the results of these experircents is eesential to the efficient 

execution of the experimentsp particularly to the commanding sequence. Thus 

it was decided that  the conductivity experiments would be reduced and inter- 

However, it is now clear that the inter- 
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preted in real time using the MSC computing facility. 

During August we developed a preliminary procedure for the real time 

data reduction of the conductivity experiments and delivered this procedure 

as a supplement to our "Real Time Data Requirements for the ALSEP Lunar 

Heat Flow Experiment." This supplement is appended to this report. 

The suggested reduction procedure consists of two parts: 

Part one is analysis of the tine variations of the temperature difference 

at the sensor location where the experiment is to be run. 

aimed at predicting the time variations during the period when the heater 

is turned on and will be based on data from the first 100 hours of lunar 

operation. 

square fitted to theoretical expressions descr$bing the decay from initial 

conditions and accounting for the lunation cycle temperature variations in 

the soil. 

This analysis is 

Data sanrpled at one hour intervals at each bridge will be least 

However, subsequent t o  submittal of the above document, further inves- 

tigation of the problem of transient temperature variation during the con- 

ductivity measurements reveals that at least 500 hours of data are required 

to reliably predict temperature variations. 

observation time results from the periodic nature of the variations. 

period of the lunation cycle is about 700 hours and at least one-half period 

of observation is required to establish the amplitude and phase of the varia- 

tion at the depth of interest. 

The need for this additional 

The 

In the 45-day real time data aaalysis period there are approximately 

1080 hours of data acquisition time aaailable. 

time might be divided between trend analysis and conductivity measurement 

so as to complete the measurements in that tine frame. 

In Table 1 we show how this 
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Further Inves t iga t ions :  

Within t h e  next month, October 1969, w e  w i l l  provide NASA with a re- 

vised procedure f o r  i n t e r p r e t i n g  t h e  conduct ivi ty  experiment da ta .  

Computer modeling of the  hea t  flow experiment continues a t  ADL and the  

r e s u l t s  of t h i s  study w i l l  be used t o  provide Coeff ic ien ts  fo r  funct ions de- 

scr ibed i n  t h e  supplemental document. These c o e f f i c i e n t s  w i l l  be provided 

on about January 1970. 

TABLE 1: 
as a funct ion of lunar  s o i l  conduct ivi ty .  

Estimates of t h e  times required f o r  HFE conduct ivi ty  measurement 

S o i l  
Conductivity 

watts /cm°C 
Range Mode 

5 10m6-5 10-5 2 

5 x 10m5-5 x lom4 
5 x 1C1"~-5 x 3 

2 / 3  

Time f o r  Trend 
Tine/ Experiment Analysis 

Hours Hours 

58 

42 

34 

500 

660 

740 

-f This t h e  most l i k e l y  range of lunar  s o i l  conduct ivi ty  exclusive of 
Ssolated blocks of dense rock. 

I n  t h e  low conduct ivi ty  range t h e  p r inc ipa l  t r a n s i e n t  dis turbance 
is due t o  the  very slow cool down from t r a n s i e n t  conditions.  

I n  the  high conductivity range t h e  p r inc ipa l  t r a n s i e n t  dis turbances 
r e s u l t  from downward propagation of t he  luna t ion  temperature cycle.  

Theoret ical  Inves t iga t ions  of Transient and Steady-State Heat Flow i n  t h e  

Lunar S o i l  Laver: 

These inves t iga t ions  were p r inc ipa l ly  aimed a t  determining t h e  magni- 

tude of c e r t a i n  t r a n s i e n t  dis turbances seen by the  heat  flow probes i n  t h e  

lunar s o i l  as a funct ion of depth and tine. Functions descr ibing these  

an t i c ipa t ed  e f f e c t s  were derived fo'r use i n  t h e  t r a n s i e n t  ana lys i s  j u s t  

described. A l a r g e  p a r t  of t h l s  work was ca r r i ed  out  by Stephen Reihn, a 
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graduate s tudent ,  working on t h e  program during t h e  summer. 

1. The rate of change of temperature as a funct ion of depth due t o  

downward propagation of a luna t ion  cycle.  

The ob jec t ive  of t h i s  ca l cu la t ion  is t o  de te rn ine  t h e  rate of change 

of temperature with t i m e  i n  *C/hour a t  var ious depths below t h e  lunar  sur- 

face. 

ca lcu la t ions .  

These r e s u l t s  give the  order  of change an t i c ipa t ed  f o r  t rend  ana lys i s  

For s impl i c i ty  i t  is assumed t h a t  t he  lunar s o i l  is homogeneous and 

More than l i k e l y  i so t rop ic .  

t he  s o i l  l aye r  has a conductivity t h a t  increases t ap id ly  with depth i n  t h e  

upper several centimeters and is  more uniform a t  depth. 

a t i o n  causes an even greater a t tenuat ion  of t h e  sur face  va r i a t ions  than a 

homogeneous nedium with a conductivity of t h a t  a t  depth. 

sented i n  Figure 1 give t h e  maximum gradien ts  expected from the  downward 

propagation of the  luna t ion  cycle  i n t o  the  lunar  s o i l  whose average conduc- 

t i v i t y  is  K. 

Of course t h i s  may not be t h e  a c t u a l  case.  

However, t h i s  s i t u -  

The resu l t s  pre- 

Rates of change of temperature of %/hours must be accounted f o r  

i n  t h e  reduct ion of t he  conductivity experiment. 

below 200 cm ( t h e  no&&& depth of the  uppermost hea te r  locat ion)  t he  e f f e c t  

is not  appreciable  unless the  conduct ivi ty  is g rea t e r  than 8 x loo4 watt/cm O C ,  

This value i s  somewhat higher than t h a t  usua l ly  measured i n  evacuated pow- 

ders.  

It is  c l e a r  t h a t  at  depths 

2.  The downward propagation of E sur face  change i n  temperature o r  

sur face  thermal p rope r t i e s  caused during emplacement of t h e  experiment. 

It has long been r ea l i zed  t h a t  t h e  a c t i v i t y  of the  astronaut  around 

the  hea t  flow borehole can result i n  a change i n  t h e  average temperature 

5 



10'3 10-2 

. 

CONDUCTIV~TY, WATTS cm" OC-' 

I - -  FIGURE 1: The maximum rate of-temperature change' at six depths'below a plane f 
surface is plotted as a function of conductivity.' 

of 9.04 x 
solid pc = 1.34 watts OC'l ~ m - ~ .  

The temperature of the surface varies periodically with an angular frequency 
hr'l and a peak to peak amplitude of 200' C. For the semi-infinite . 

I- 



of t h e  area where he had made f o o t p r i n t s  o r  i n  t h e  thermal proper t ies  of 

t he  sur face  layer .  These changes would u l t imate ly  cause a disturbance i n  

heat flow a t  depth, ( t hese  e f f e c t s  were reviewed i n  the  ADL study r epor t ,  

Design Def in i t ion  of t h e  Heat Flow Probe). However the  disturbance takes  

a f i n i t e  t i m e ,  dependent on t h e  d i f f u s i v i t y ,  t o  propagate t o  a given depth 

and can the re fo re  induce a rise o r  f a l l  of temperature with t i m e  which 

should be accounted f o r  i n  the  conductivity ana lys i s .  

than OC/hr are of i n t e r e s t .  

Again changes g rea t e r  

The r e s u l t s  of Lachenbruch" are used. The r e s u l t s  given i n  Figure 2 

apply to  a poin t  200 c m  below the  surface.  

area 200 c m  i n  rad ius  (or 136 sq. f t . )  has had a change i n  average sullface 

It is assumed t h a t  a c i r c u l a r  

temperature B i n  'C above the sur face  temperature of the surrounding undis- 

turbed area. Note: The area of 136  sq.  f t .  i s  considerably l a r g e r  than 

the  as t ronaut  would be expected t o  d i s t u r b ;  however, t h e  e f f e c t  a t  a given 

depth is roughly propor t iona l  t o  the sur face  area disturbed. The results 

are shown as the  r a t i o  of t h e  temperature disturbance T(+) and B. 

example i n  Figure 2 f o r  a conductivity of R * 3 x 

FOP 

t he  dens i ty  p = 1.6  

and hea t  capacity C = 0.8 watts/gm°C2 t h e  temperature a t  a po in t  200 c m  be- 

low t h e  sur face  has r isen 0.1% of t h e  change i n  sur face  temperature 2200 h r s ,  

(2% months) a f t e r  t h e  probe i s  emplaced, For a conductivity of 3 x loo4, 

such an e f f e c t  would not be important t o  t h e  conductivity measurement. How- 

ever, it would be i f  t h e  conductivity is as high as 6 x l om4 ,  

This e f f e c t  w i l l  be f u r t h e r  examined i n  terms of the  temperature d i f -  

ference over each probe sec t ion  and €or d i f f e r e n t  areas. 

3,  Decay of t h e  temperature d i s t r i b u t i o n  caused by emplacement of 

t he  hea t  flow probe and hole  casing-. 

"Three-dimensional Heat Conduction i n  Permafrost Beneath Heated Build- 
ings  - A, H. Lachenbruch. Geological Survey Bu l l e t in ,  1052-B, 1957. 
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TIME AFTER SURFACE DISTURBANCE (HOURS) 

FIGURE 2: The temperature as a function of t i m e  a t a  depth of 200 cm result-  
- 

ing from a sudden change i n  surface temperature by an amount B ins ide  a c i r cu la r  
region 400 c m  i n  diameter. The temperature i s  given as a f rac t ion  of B. 
p c  = 1.34 w a t t s  OC-l ~ m - ~ .  



A preliminary analysis has been completed of the transients associated 

with the temperature decay of the heat flow probe and the borehole casing 

in possible lunar materials. 

Two types of models were examined:: 

Primarily the results of Blackwell* were used. 

1. The probe and borehole casing were modeled as an infinite cylinder 

which is perfectly conducting in an infinite medium. 

ed to have initial uniform temperatures to above that of the surrounding 

medium. 

The cylinder is assum- 

2. The nodel was the same as the first except the probe has a finite 

conductivity. 

Since the length of the borehole casing is nearly 100 times the diaEeter, 

modeling the casing as an infinite cylinder will produce useful results. 

As the transients of interest will be observed beyond 100 hours after 

probe emplacement, the long-term solutions should suffice. 

For Model (1) 

'I and a are? two &&portant and useful parameters. 

T is a dimensionless time equal to Kt/pca2, 

K, p and c are the conductivity, density and heat capacity of thanedim 

outside the cylinder, t is time in seconds, and a is the radius of the cylin- 

der in centimeters. a'fs the ratio of the thermal mass of the lunar medim 

to that of the probe, and is equal to pclp'c' where p 9  and c' are the den- 

sity and heat capacity of the cylinder representing the probe. 

* Blackwell, Journal of Applied-Physics, 1954. 



For Model (2) : 

r < a e @  

The ratio K*/K1 is the  r a t i o  of conduc t iv i t i e s  of t h e  lunar  medium t o  t h e  

probe, and t h e  remaining va r i ab le s  have the  d e f i n i t i o n s  given for Model (1). 

The borehole casing with t h e  probe i n s i d e  is, of course, no t  a s o l i d  

cylinder t o  which these  so lu t ions  apply. 

and t h e  thermal mass of t h e  probe varies g rea t ly  along its length.  

b e s t  value f o r  c1 appears t o  be about 6 0 .  

The cas ing  is  t h i n  walled (0.060") 

The 

I n  Figure 3 t h e  r a t i o  TITO is p lo t t ed  3s a function of T and a as a 

parameter. 

For lunar  type s o i l s  we a n t i c i p a t e  t h a t  K 

The long term so lu t ions  are q u i t e  v a l i d  for .r = 6 and greater. 

2 x w a t t  cm-1 'C-1, 

:~ ~ p c a 2  ~ 

R 9  p c  = 1.6  x 0.84 = 1.28 watt-sec cm-3 oC-lp and a e 1 cm. 

t = 6 . 4  x 183 T i n  seconds. 

g rea t e r  than 3*84  x lo4 seconds o r  a l i t t l e  over 100 hours. 

Since t 

Thus t h e  so lu t ions  becone v a l i d  f o r  times 

The form of t h e  expressions i n  equations 0 and @ w i l l  be used i n  the  

real t i m e  trend ana lys i s  t o  f i t  t he  decay from i n i t i a l  conditions.  The 

values of t h e  c o e f f i c i e n t s  w i l l  give us our f i r s t  i nd ica t ion  of t h e  conduc- 

t i v i t y  of t h e  lunar  material, 

In t h e  next few months w e  plan t o  improve t h i s  t h e o r e t i c a l  work by us- 

i ng  t h e  d e t a i l e d  model developed a t  ADL under Subcontract 88 t o  i nves t iga t e  

the  decay from i n t i a l  conditions,  

under t h e  auspices of M. G. Simons. 

This work w i l l  probably be done by MIT 

Report on Work Being Done Under t h e  Subcontracts: 

Subcontract #6 - This subcontract with Arthur D. L i t t l e ,  Inc. (ADL) 

covered t h e  development and f a b r i c a t i o n  of prototype models of t h e  boron 
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re inforced epoxy d r i l l  stem. 

Martin Marietta Company i n  May and e a r l y  June, t he re  remained, as p a r t  of 

the  subcontract ,  measurements of the  thermal conductance of a p iece  of t h e  

d r i l l  stem. These measurements were completed in July and are reported on 

i n  the  N)L r epor t  a t tached as Appendix A. 

Although these  items were del ivered t o  t h e  

A f i n a l  r epor t  on t h e  development of the  boron reinforced d r i l l  stem 

i s  neari- 

these  measurements. 

completion and it will .aantain more information r e l a t i v e  t o  

Subcontract #7 - This subcontract covers the add i t iona l  experiments on 

the  HFE conductivity experiments. 

tests have been completed and the  da t a  is being analyzed. 

repor t  f o r  August 25 on t h i s  subcontract is at tached as Appendix B. 

Several  developments during the  p a s t  month a r e  of concern. 

As of t h i s  da t e  a l l  of the  prescr ibed 

A recent progress 

1) Tests 

have been run both i n  Mode 2 and Mode 3 with t h e  bead tank a t  43 F\ of ET2 

gaseous pressure.  

the  nodes a t  the same conductivity.  

conduct ivi ty  a t  t h i s  pressure is unknown except from ext rapola t ion  and 

in t e rpo la t ion  of da t a  a t  the o the r  gas pressures.  It is  well-known t h a t  

t he  conduct ivi ty  is not a linear funct ion of gas pressure i n  t h i s  region 

of pressuresp  therefore  i t  would be of great value t o  make independent 

absolute  measurements of  t h e  conduct ivi ty  with the  43 p pressure.  

These measurements were made t o  compare the  results of 

Howeverp the  absolu te  value of t h e  

I have discussed with the  thermophysics group a t  Marshall Space F l igh t  

Center i n  Huncsville, Alabama, the  p o s s i b i l i t y  of using t h e i r  f a c i l i t y  t o  

nake these  neasurements. This group, headed by Hr, Bi l ly  P. Jones, has 

done considerable work on the  measurement of  t he  conductivity of evacuated 

powders. During a recent v i s i t  we agreed on a plan and procedure f o r  
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car ry ing  out  conductivity tests a t  Huntsvil le.  A sample of t he  g l a s s  

beads used i n  t h e  K apparatus a t  ADL have already been sen t  f b r  these  

measurements. 

2) Recent measurements i n  t h e  conductivity test tanks a t  ADL give 

stdong evidence t h a t  t he re  i s  a gradient i n  conductivity from t h e  top t o  

t h e  bottom of t h e  tank. 

d i e n t  r e s u l t s  from improvement of thermal contac ts  and a s l i g h t  decrease 

i n  poros i ty  as a r e s u l t  of increased loading with depth i n  t h e  tank, It 

would be important t o  determine t h e  ex is tence  and value of such a gradient 

i n  the  tanks. Therefore we have suggested t o  Kuntaville t h a t  t h e i r  measure- 

ment might a l s o  include measurements of  conductivity as a function of s ta t ic  

loads up t o  7 p s i .  

function of depth i n  t h e  tank can be attempted. 

be more f u l l y  examined i n  t h e  next few months. 

Our preliminary ana lys i s  suggests t h a t  t h i s  gra- 

Al te rna te ly ,  d i r e c t  measurements of c o n d u c t h i t y  as a 

These p o s s i b i l i t i e s  w i l l  

The period of performance of t h i s  cont rac t  has  been extended through 

November 28, 1969, 

added tests under r ev i s ion  H of t h e  test procedures. 

Additional funds of $2,709 have been granted f o r  t h e  

Las t ly ,  t h e  d i spos i t i on  of t he  test apparatus a t  ADL must be decided. 

The P r inc ipa l  Inves t iga tor  recent ly  s e n t  a le t ter  t o  NASA Headquarters 

proposing t h a t  t h e  c a l i b r a t i o n  apparatus be maintained i n  an opera t ing  

condition on a year-to-year bas i s  by means of a cont rac t  d i r e c t l y  from NASA 

Headquarters, 

development of thermal experiments f o r  t h e  lunar  mission. 

s t a b i l i t y  of t h i s  equipment would be very d i f f i c u l t  t o  dup l i ca t e  on shor t  

notice.  

This would allow t h i s  f a c i l i t y  t o  be  used i n  t h e  f u t u r e  

The accuracy and 

Subcontract #8 - This subcontract with ADL is  f o r  t h e  development of 
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a d e t a i l e d  math-model of t h e  hea t  flow probes i n  t h e  lunar  medium. 

work had proceeded t o  t h e  poin t  t h a t  t h e  models of t h e  probe and t h e  lunar  

This 

nedium are complete. 

t h e  probes i n  isothermal conditions which v a l i d a t e  t h e  accuracy of t h e  model. 

Two progress repor t s ,  numbers 1 and 2, are attached t o  t h i s  r epor t  as Appen- 

d i x  C. 

Mumerous test runs have been wide i n  a s i u u l a t i o n  of 

During September w e  decided t o  extend t h e  scope of t h i s  subcontract t o  

have ADL make computer runs using these  models f o r  e s t ab l i sh ing  t h e  inver- 

s ion  func t ions  t o  be used i n  t h e  real t i m e  da t a  ana lys i s  a t  MSG. 

asked ADL t o  propose on t h i s  add i t iona l  work and t h e i r  proposal is now under 

review, A s  p a r t  of t h i s  proposal t h e  performance period of t h i s  subcontract 

would be extended through February 1970. 

We have 

A t  L-DGO we are ccatlthuing t o  noni tor  with interest and advise where 

poesible the f i n a l  f ab r i ca t ion ,  t e s t i n g  and t r a i n i n g  with the  ALSD modified 

t o  use t h e  f i b e r  g l a s s  d r i l l  s t e m .  This work has included a t tending  design 

reviews and t e s t ing .  Active support of t h e  as t ronaut  t r a i n i n g  sess ions  and 

b r i e f ings .  This work i s  l a r g e l y  being ca r r i ed  forward by Richard Perry. 

P r o m a m a t i c a l  Changes: 

In  Apr i l  1969 D r .  John Chute, a recent Ph. D. r e c i p i e n t  from Columbia 

University, joined t h e  program. 

o f  HFE d a t a  reduction and c e r t a i n  t h e o r e t i c a l  s t u d i e s  t o  i n t e r p r e t  t h e  

data.  

His p r i n c i p a l  d u t i e s  have been i n  t h e  area 

During t h e  s u m e r  months Steven Keihm, a graduate of t h e  Columbia Engi- 

neering School and a scholarsh ip  graduate s tudent  a t  Stanford, worked on 

t h e o r e t i c a l  problems assoc ia ted  with i n t e r p r e t i n g  HFE data.  

his work here Septeuber 4 t o  continue school. 

11 
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Miss Susan Kaghan was added t o  t h e  s t a f f  during t h e  summer months on 

an hourly b a s i s  to assist i n  d r a f t i n g  and d a t a  processing work associated 

with t h e  HFE. 

Kevin McDemott, project engineer, l e f t  the program August 15, 1969. 

There are no plans t o  h i r e  a replacemerit engineer. 

Co-Inyest$aator Effor, tsL 

Proposals have been received from boih Sydney P. Clark at Yale and 

Gene Simmoas a t  MfT t o  exten6 thadr e f f o r t s  i n  p a r a l l e l  on t h e  Lunar Heat 

Flow Experiment Program through Decenber 1970, 

was submitted t o  MSC f o r  aons idera t ion  and Professor Simons'  proposal, 

was forwarded on October 8 .  

Professor Clark's  prdposal 

It is our hope t h a t  these  proposals w i l l  be funded i n  the  near future.  
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REAL TIME DATA REQUIREMENTS FOR THE ALSEP LUNAR HEAT FLOW EXPERIMENT 

Scope: 

This document defines the Principal Investigator's requirements for 

data acquisition and reduction in real time at the Manned Spacecraft Center 

in Houston, Texas. 

This document supersedes two preliminary documents submitted by the 

Principal Investigator on March 2 5 ,  1969 and March 22, 1967. 

Requirements : 

Reduction of the ALSEP Lunar Heat Flow Experiment data in near real- 

time is required to: 

1. Verify performance of the experiment after initial turn on. 

2. Verify receipt of commands. 

3. To monitor the initiation of the conductivity experiments to se- 

lect the optimum mode of operation and to monitor the decay mode of the 

conductivity experiments. 

4 .  To rapidly analyze the results of the conductivity experiment to 

determine the validity of the completed experiment and to determine the 

optimum strategy for the remainder of the tests. 
.. ( 

Command and Performance Verification: 

Requirements 1 and 2 can be met by presentation on a high-speed printer 

of bridge temperatures and temperature differences, reference bridge tempera- 

tures, thermocouple temperatures and experiment ID words for one complete 

sequence (7.25 minutes of data), 

surement parameters and other information pertinent t o  the interpretation 

(Definitions of a complete sequence, mea- 

8 



2 

of da t a  from t h e  HFE are given i n  the  Appendix a t tached  t o  t h i s  document.) 

The above measurements are cor re la ted  with the  t i m e  of r ece ip t  of t h e  f i r s t  

ALSEP word of t h e  e i g h t  required t o  c a l c u l a t e  one parameter. For optimum 

operation a f u l l  7.25 minutes of da ta ,  which is  s to red  i n  buf fer ,  would be 

p r i n t e d  out  on command from t h e  f l i g h t  d i r ec to r .  

( ~ 5 4  seconds), two of t h e  parameters are up-dated; t h i s  represents  t he  mini- 

A t  every 90th frame mark 

mum t i m e  between print-outs.  

- 

Monitoring Conductivity Experiments : 
-- . 

Requirement t h ree  n e c e s s i t a t e s  display of t h e  hea t  flow measurement 

parameters f o r  a longer period. 

t h e  temperature and temperature d i f f e rence  a t  t h e  bridge t o  be used f o r  t h e  

Before i n i t i a t i n g  a conductivity experiment, 

experiment w i l l  be sampled a t  regular  intervals  t o  determine t h e  rate of 

change of t hese  parameters. Each conductivity experiment i s  always' i n i t i a t e d  

i n  Mode 2. . A f t e r  an observation period of approximately one hour, a decision 

i s  made based on t h e  rate of rise of temperature whether t o  s t a y  i n  Mode 2 

o r  switch t o  Mode 3.  An add i t iona l  one hour of da t a  is required a f t e r  t h e  

switch t o  Mode 3 t o  assure  proper Operation i n  Mode 3, 

Decay Mode Operation: 
1 

After  completion of a conductivity experiment i n  Mode 3,  much add i t iona l  

information can be gained about t h e  thermal p rope r t i e s  of t h e  surrounding 

luna r  medium by observing t h e  temperature decay a t  o the r  sensors near  t o  the  

hea ter .  

bridges e i t h e r  i n  Mode 1 o r  Mode 3,  with t h e  hea te r  o f f ,  

w i l l  r equ i r e  constant monitoring of t h e  da ta  during a 12-hour period. 

This can be accomplished by pe r iod ica l ly  sampling t h e  appropriate 

This operation 

A p r a c t i c a l  d i sp lay  f o r  both the  i n i t i a t i o n  of t h e  conductivity experi- 

ment and monitoring t h e  decay mode would be a print-out of a l l  d a t a  a f t e r  
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t h e  completion of two complete sequences (14.5 minutes). 
. .  

Preliminary Analysis of t h e  Conductivity Experiments: 

The heat-flow experiment has e i g h t  independent conductivity experiments 

each of which can be operated i n  two modes. 

during t h e  f i r s t  45 days t h a t  t he  ALSEP is  on t h e  l u n a r  surface.  During 

t h i s  period t h e  bore holes  and probes w i l l  be e q u i l i b r a t i n g  t o  the  luna r  

These experfments w i l l  be run 

subsurface temperatures. The conductivity experiments, which a l s o  d i s t u r b  

subsurface temperature, would least e f f e c t  t h e  subsequent gradient measure- 

ments i f  run during t h i s  period. 

series of conduct iv i ty  experiments be run a f t e r  a ten-month observation 

per iod  i f  s u f f i c i e n t  grad ien t  measurements have been obtained by t h a t  t i m e .  

The durationaof each 

experiment depends on t h e  conductivity of t h e  luna r  subsurface and i n  which 

It is s t rongly  recommended t h a t  a second 

The e igh t  experiments w i l l  be run consecutively.. 

mode the  experiment is  run. 

From labora tory  experiments w e  know t h a t  t h e  Mode 2 operation w i l l  

t ake  anywhere from 24 t o  72 hours and t h e  Mode 3 experiments r equ i r e  from 

1 0  t o  20 hours. A t y p i c a l  schedule of conductivity tests showing t h e  re- 

qui red  switching of h e a t e r  states and modes is  shown i n  Eigure 1 i n  t h e  

Appendix. 

To most e f f e c t i v e l y  u t i l i z e  t h e  conductivity experiments i n  an unknown 

medium i t  is e s s e n t i a l  t h a t  t h e  da t a  from t h e  experiment (temperature versus 

t i m e )  be analyzed rap id ly .  

a n a l y s i s  should be about 24 hours. 

The maximum "turn-around'' t i m e  f o r  t h i s  da ta  

This reduction would include t r end  anal- 

y s i s  of temperatures p r i o r  t o  i n i t i a t i o n  of t h e  experiment, accura te  deter-  

mination of t h e  s lope (dT/dt) a t  long  t imes , ,and  t h e o r e t i c a l  ex t rapola t ion  
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of temperature h i s t o r i e s  t o  equilibrium. 

Our recommendation is  t h a t  t h e  above ana lys i s  be ca r r i ed  out by t h e  

p r i n c i p a l  i n v e s t i g a t o r  using a computer f a c i l i t y  ou t s ide  of Mission Control. 

To ob ta in  t h e  24-hour t u r n  around i t  is e s s e n t i a l  t h a t  t h e  data f o r  t h e  HFE 

be i n  a form (card o r  tape)  t h a t  is  compatible with o the r  computers such as 

punch card o r  magnetic. 

sect ion. 

Proposed card formats are ou t l ined  i n  t h e  format 

I n  add i t ion  it is  des i r ab le  t o  have a systematic print-out of a l l  hea t  , 

flow da ta  i n  two-hour blocks (16 complete sequences). 

grouped by parameter. 

t h a t  follows. 

This da ta  would be 

A print-out f o m a t  is  suggested i n  t h e  format s e c t i o n  

Data Formats: 

Format A: This format i s  f o r  p r i n t i n g  out  da ta  i n  two-hour t i m e  blocks. 

The 16 cycles of da t a  are grouped by parameter. Each parameter group is  

p r in t ed  on a s i n g l e  shee t .  Five shee t s  are requi red  tb ,pr in t  ou t  t h e  two- 

hour da ta  block. 

Sheet # 

1' 

5 

Housekeeping Data: 

Ths ALSEP samples 

Grouped Parameter 

Temperature d i f f e rence  high s e n s i t i v i t y .  

Temperature d i f f e rence  low s e n s i t i v i t y .  

, Absolute temperature of gradient bridges. 

Thermocouple temperatures and re ference  
br idge  temperatures 

Housekeeping data.  

the housekeeping da ta  f a r  more f requent ly  than  is  
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required f o r  our needs ; , t he re fo re ,  w e  recommend p r i n t i n g  and s t o r i n g  house- 

keeping da ta  every 8 t h  90-frame mark. 

being displayed on TV monitors. 

We see no need f o r  housekeeping da ta  

Format A: 

t 
P 
a 
g 
e 

2 I 
i 
a 
g 
e 

3 

i - 
~- * 

Data print-out i n  two-hour blocks, s epa ra t e  parameters are 

grouped on a page. 

ALSEP NO.- - SER. NO. - - REDUCTION DATE _ _  MODE- - HEATER - - 
(Mode 1 and Mode 2.) 

Temperature d i f f e rence  high s e n s i t i v i t y  s, 

T i m e  DTH 11 DTH 12 DTH 21 DTH 22 

t l  1 2 

t16 1 2 

Temperature d i f f e rence  low s e n s i t i v i t y  

T i m e  DTL 11 DTL 12 

t16 

5 

: 

5 

6 

6 

Absolute Temperature Gradient Bridge 

T i m e  T 11 T 12 

ts. 9 10 

t16 9 10 

DTL 21 DTL 22 

8 
F 

7 

7 ' 8  

T 21 T 22 

11 12 

. 
11 12 
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Thermocouple Temperature 

PROBE 1 REF TEMP 17 GAIN OFFSET - 
Time TC 11 TC 12 , TC 13 TC 14  

13 1 4  15 16  

P 
a 
g 
e 

9 .  . .  
t16 13 14 15  16  

REF. TEMP. 22 %IN OFFSET PROBE 2 

t l  18 
4 

. -19 20 
I 

* .  

- i 
t 

t16 18 19 20 21 

Housekeeping Data Format: 

Housekeeping Data 

Time +5Y -5Y +15Y . 

P 
a 
g 
e High K 

HF6 

-15Y 'Low K 

HF5 .' t 1 HFl ' HF2 HF3 : 
'. . -- - -  - 5 HF4 

t16 HFl -. HF2 ' HF3' HF4 '. HE'5 HF6 

Notes : 

1. Out of Spec i f ica t ion  da ta  w i l l  be flagged. 
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Format B: This d a t a  format i s  intended f o r  HFE Mode 3. I n  Mode 3 a 

complete cyc le  requi res  only 54.4 seconds. 

cycles of d a t a  (32 data  po in t s )  and two l i n e s  of housekeeping da ta  a t  t h e  

A data  record c o n s i s t s  of 16  

bottom of each block. We p r e f e r  t o  have two records per  sheet.  

B. Continuous, in - l ine ,  .real-time da ta  format f o r  Mode 3 (high conduc- 

t i v i t y )  e 

Reduction 
ALSEP No. S e r i a l  No. Date Mode Heat e'r S t e 

- L -  

Time - Day H r  Wn Sec Temp. Diff O K  Abs. Temp. 

DTR 13 TR 13 tl 

1 2 t8 

Housekeeping Data: 

1. This da ta  block comprises one record. c 

2. Two records pe r  page. 

3. T i m e  tl r e f e r s  t o  t i m e  of r e c e i p t  of f i r s t  ALSEP word of temper- 

a t u r e  d i f f e rence  measurement. 

$ 911' 

Flagging Data: 

Heat-flow da ta  po in t s  t h a t  have out-of-tolerance conditions should be 

flagged, Four types of out-of-tolerance conditions should be discriminated. 

1. Out-of-tolerance housekeeping da ta .  Place a s t e r i s k  (or  o t h e r  dis-  I 

t i n c t i v e  mark) next t o  t i m e  entry.  

2. Number exceeds t h e  dynamic range of measurement. Place one a s t e r i s k  

i 
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next to parameter value. 

3. The calculated amplifier gain or offset is out-of-tolerance. Place 

two asterisks next to parameter value. 

4.-Sequencing error or invalid programmer state. Parameter is marked 

with an approporiate mark and bit or bits in error are indentified on the 

same line. 

Card format for real time output: I 

Full sequence (7.25 min.), Mode 1 

Column Word Card 1, 2, 3, 4, 5 ,  6 

1 - 12 Time J J J J J 4 

13 - 14 Mode J J J J J J 

15 - 16 Para ID J .  J J J J J 

TCR 

27 - 28 Para ID J J J J J J 

ATH12 ATH22 . T12 T22 TCll h TC2l 29 - 38 Para 

39 - 40 Para ID J J J J J J 

41 - 50 Para ATLll ATL2 1 HF2 HF2 TC12 TC22 

51 - 52 Para ID J J J J J J 

ATL22 HF3 HF3 TC13 TC23 

J J J J J 
Para ATL12 53 - 62 

6 3  - 64 Para ID J 

65 - 74 Para HF1 HF1 HF4 HF4 TC14 TC24 

HF7 SPARE SPARE _ _  * - 75 - 79 Par HF6 HF6 HF7 

80 Card C J J J J J J 

Probe 1 only, use cards 1, 3, 5. 

Probe 2 onlyl use carde 2, 4, 6, 
. I  
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Mode 3 Operation 

Use cards 1, 2,  3 , . 4 .  

with  r i n g  br idge  da ta  rep lac ing  gradient bridge da ta  

Equipment Requirements f o r  Real-Time Data Analysis a t  MSC: 

Real t i m e  da ta  a n a l y s i s  of t h e  HFE w i l l  be of two types: 1 )  t h a t  

done manually, 2) t h a t  done by P I  u t i l i z i n g  computer f a c i l i t i e s  i n  MSC 

area. 

Type 1 Requirements 

. a. A l i g h t  t a b l e  a t  least 5' x 3 ' .  

b. A hanging char t  ra.ck f o r  convenient f i l i n g  of p lo t t ed  work, 

c. A six-foot x 2 foo t  deep she l f .  

d. Access t o  Xerox copying machine, 

e. Standard working desk wi th  telephone. 

f .  S m a l l  desk ca l cu la to r  (PI  can supply). 

Type 2 Requirements 

a. Access t o  a n  IBM keypunch. 

b. Storage space f o r  20 computer tapes. 

C .  Starage space f o r  40 boxes (80,000 u n i t s )  computer cards. 

d. Access t o  a computer equivalent t o  IBM1130 o r  1800 series, 

wi th  f a c i l i t y  f o r  computer p l o t t i n g  on hard copy (not f i lm).  
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APPENDIX 

Definit ions:  

The following parameters are detennined f o r  a f u l l  sequence (Mode 1,.2). 

DTH(1J) I = 1, 2 J = 1, 2 Temp Diff f o r  High s e n s i t i v i t y  

gradient bridge measurement 

Probe I, sec t ion  J. 

DTL(1J)' 1 = 1, 2 J = 1, 2 , Temp Diff f o r  low s e n s i t i v i t y  

. . gradient bridge measurements 
8 

Probe I, Section J. 

1. = 1, 2 J .=  1, 2 .  Average Temp of gradient 

bridges Probe I, Section J. 

TREF Reference bridge temperature. 

TC(1J) I = 1, 2 J = 1, 4 Thermocouple temperature 

Probe 1, Thermocouple J. 
- 

--. 
. The following Parameters are determined f o r  conduct iv i ty  Mode 3. 

DTR(1J) I = 1, 2 J = 1, 2 Ring bridge temperature 
-. 

d i f f e rence  Probe I, s e c t i o n  3. 

TR(1J) I = 1, 2 J = 1. 2 Average temperature of r i n g  

bridges Probe I, s e c t i o n  J. 

The following Parameters are used f o r  houd.ekeepinqb- 

Voltage +5 v o l t  supply HF1 

Voltage -5 v o l t  supply HF2 

Voltage +15 v o l t  supply HF3 

Voltage -15 v o l t  supply HF4 

High conductivity hea te r  v o l t s  HF6 

Low conductivity h e a t e r  v o l t s  HF7 

i 
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Flow cha r t  t o  compute HFE parameters from heat flow words with l i s t  of vari- 

a b l e  names and symbols: 

L i s t  ' o f  v a r i a b l e  Names and Symbols: 

I. Heat flow d a t a  parameters. 

A, N o m 1  sequence (Mode 1, 2 ) .  

Parameter Name Mnemonic 

1. High s e n s i t i v i t y  temperature d i f f e rence  on Probe I, 
Section J . . DTH(1J) 

Section J . . . . DTL(1J) 
' 5  2.. Low s e n s i t i v i t y  temperature d i f f e rence  on Probe I, 

3.  Average temperature Probe I, Section J . . T ( I J )  

4.  Voltage r a t i o  high s e n s i t i v i t y ,  Probe I, Section J VRH(1J) 

5. VRL(1J) 
I 

Voltage r a t i o  low s e n s i t i v i t y  Probe I, Section J . 
6. T o t a l  bridge r e s i s t a n c e  Probe I, Section 3 . . RB(IS) 

7. Reference br idge  temperature . . TREF 

8. Reference br idge  vol tage  r a t i o  . L VREF 

9. Thermocouple temperature Probe I, Thermocouple J '. TC(IJ) 

10. Gain of ampl i f i e r  . . . GAIN 

11. Voltage o f f s e t  of ampl i f i e r  . . e * * ' e VQFF 

B, Conductivity modes, (Modes 2, 3 ) .  

1. Heater state NN, NN 1 -+ 16 . . . b . 'HTR(NN) 

Section J . . . . DTR(1J) 
2. Ring br idge  temperature d i f f e rence  Probe I, 

3.  Average r i n g  bridge temperature Probe I, 
Section J . . . . e e . .' . TR(1J) 

4 .  Voltage r a t i o ,  Probe I, Sec t ion  J . . VRR(1J) 

5. Bridge r e s i s t ance ,  Probe I, Section J . . RBR(I3) 

- 



Parameter N a m e  

1 2  

Mnemdnic 

C. , Housekeeping Data 

1. Voltage +5 v o l t  supply . 0 .  . . . HF1 

2. Voltage -5 v o l t  supply . . . 0 . . . HF2 

3. Voltage +15 v o l t  supply . . . . . . . HF3 

4 .  Voltage -15 v o l t  supply . . . .  . .. . . . HF4 

. HF6 9 b  
5. High conductivity hea te r  v o l t s  . 
6. Low conductivity hea te r  v o l t s  . . . . . HF7 

5 

11. Ca l ib ra t ion  Constants 

* 
r 

A. Seasor and bridge. c a l i b r a t i o n  cons tan ts  

L. . C o e f f i c i e n t s  of polynomial r e l a t i n g  DTH(1J) and DTL(1J) 
t o  VRH(IJ) and RBR(1J) f o r  bridge K. K = 2(1-1) + J 
(see d e f i n i t i o n  of  I and J above) . . A(L, KI1 

i- . 2. Coef f ic ien t  of  polynomial r e l a t i n g  T(1J) t o  VRH(IJ) an'd 
RBR(1J) f o r  bridge K. K . =  2(1-1) + J . . . . B a a  K P  

3. c o e f f i c i e n t  of polynomial r e l a t i n g  DTR(1J) t o  
VRR(1J) and RBR(1J) f o r  bridge,  K. .C(L, K)' 

4 .  Coeff ic ien t  of polynomial r e l a t i n g  TR(1J) t o  
VRR(1J) and RBR(IJ) f o r  br idge  K . D(L, KI1 

5.  Coeff ic ien t  of polynomial r e l a t i n g  re ference  
br idge  temperature, TREF, t o  vol tage  r a t i o ,  VREF F(K) (2) 

6.  Coeff ic ien t  of polynomial r e l a t i n g  thermocouple 
temperatures t o  EMF'S . 0 . G(K) 73) 

7. Coeff ic ien t  of polynomial r e l a t i n g  EMF t o  tempera- 
t u r e  of re ference  thermometer TREF e . a '  H(K) (4) 

* These are t h e  constants derived a t  Lamont-Doherty Geological Observatory 
from c a l i b r a t i o n s  a t  Rosemount Engineering Company. 
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' B. E lec t ronics  Box (Gulton document: I n s t r u c t i o n  Manual). 

_ -  . 
- -  -- . 1. 

2. 

3. 

4 .  

5. 

6 .  

7. 

8. 

Parameter Name Mnemonic 

Exci ta t ion  vol tage  a t t enua t ion  f a c t o r  f o r  
gradient and r i n g  bridges . . . CKH(M) 

M = 2(1-1) + J f o r  gradient: bridges,  I, J. 
M = 4 + 2(1-1) + J f o r  r i n g  bridges.  

Se r i e s  r e s i s t o r  f o r  DTL(IJ) measurement. 
has t h e  same meaning as above . . CKL(M) 

mere M 

Attenuation f a c t o r  f o r  absolu te  temperature measure- 
ment accounting f o r  series r e s i s t o r  f o r  cur ren t  
measurement. M has t h e  same meaning as above . CKT(M) 

Attenuation r e s i s t o r s ,  M,has- the  same meaning as 
above . . . '. . CR(M) 

Simulator l ead  r e s i s t ance  . . . Rs 

Effec t ive  r e s i s t a n c e  of br idge  as se,en a t  ampl i f ie r  

Coeff ic ien t  of polynomial of computing VREF [ . . P(K)(5) 

input  . . 0 . . RPR(M) 

Factor f o r  converting e x c i t a t i o n  vol tage  o f .  
reference br idge  t o  ampl i f i e r  gain . c19.  

C. Probe c a l i b r a t i o n  f a c t o r s  

1. Exci ta t ion  vol tage  l ead  r e s i s t a n c e  M = 2(1-1) + J f o r  
gradient br idge  i n  Probe 1 and Section J . 0 

M = 4 + 2(I-1) + J f o r  r i n g  bridge i n  Probe I 
Section 3. 

2. Ring br idge  temperature o f f s e t  . . . DELT(M) M = 2(1-1) + J . 
3. Ring br idge  temperature d i f f e rence  

o f f s e t ,  M = 2(1-1) + J . . . . . . .DELDT(M) 

Equations: 
1. .DTH(IJ) = A(1, K) X3 Yo + A(2 ,  K) X 2 0  Y + A(3, K) X2.Y1 

+A(4 ,  K) x1 Yo + A(5, K) X 1 1  Y 3- A(6, K) X 1 2  Y + A ( 7 ,  K) 

+A(8, K) Xo Y1 + A(9, K) X? Y2 + A(10, K) @ Y3 

X = RB(IJ) Y = RB(1J) x VRH(IJ )  
. \ r r  
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Equations (Cont . ) 
2. 

3. 

4 .  

TREF = F(0) + F(1) VREF + F(Z)(VREF)2 + F(3)(VREF)3 

T C I J  = G(0) + G ( 1 )  EMF + G(2)(EMl?)2 + G(3)(EMF)3 

EMF = H(0)  + H'(1) (TREF) + H(2) (TREF)2 + H ( 3 )  (TREF)3 

3 

5. VREF + P'(0) + P(1) 
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L i s t  o f  commands and t h e i r  funct ion:  

Command # 'Function 

c1 Place  i n  Mode 1 

c2  Place  i n  Mode 2 

-' c3 . .  . i 

c4 

c5 

C6 

c7 1 
C 8  , >  

c10 

C7 -f ATH . 

C7 & C8 -f ATL 

C7 & C9 - AT 

C 8  & C9 - TC 

Place  i n  Mode 3 

F u l l  sequence of measurements 

Probe 1 only 

Probe 2 only 
. .  

H(P-Bits = 0) ' 

L(2nd P-Bit = 1) 

(1st f P-Bit = 1) 

Advance Heater e 

L i s t  of Heater S t a t e s  

S t a t e  No. 

1 

2 ,  

3 

4 

5 

6 

7 

8 
- -  

9 - .. . 

10 

11 

Heater LOG. 

1 2  

1 2  

1 4  

1 4  

11 

11 

13  

13. 

22 

* 22 

24 

v 

K Bridge 

A T R l l  

A T R l l  

ATRl2 

ATRl2 

ATR11 

ATRll  

ATRl2 

ATRl2 

ATR21 

ATR21 

ATR2 2 

t 

On Off 

, x  
X 

X. 

.x 
X 

X 

X 

X 

X 

X 

X 

I .  



Lis$ of Heater States (Cont.) 

State No. Heater LOC. K Bridge 

1 2  2 4  AT R2 2 

13 2 1  ATR21 

1 4  2 1  . ATR21 

15  23 ATR22 

On 

X 

16 

Off 

X 

X 

X 

1 6  2 3  ATR2 2 X 

* F i r s t  d i g i t  gives  the  probe number, t he  second t h e  hea te r  l oca t ion  

s t a r t i n g  from t h e  top of t h e  probe. 

-- 

I .  

I i  
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C 7 ,  C8* 

1.: Table of poss ib l e  opera t ing  states of t h e  Lunar Heat Flow 
Experiment i n  Mode 1 

c 7 ,  c9* C 8 ,  C9* c4 

Parameter 1 

Probe 

,-TT-+? 
C 6 ,  C7* 

PliiP2 

. .  
. . .  . . . .  . , .  . . . . . . . . . . .  . , 

. .  
. . .  . . . .  . , .  . . . . . . . . . . .  . , -- F u l l  

T TC & RT Sequence 
, . . . . . . . .  

ATL 

I 
C 5 ,  C 7 ,  C9 C 5 ,  C 8 ,  C9 * /  * I  c5 

C 6 ,  C 7 ,  C8* C 6 ,  C 7 ,  C9* I 
I I I 

I *  I 

* These states w i l l  probably not be used on t h e  moon. 

The commands requi red  t o  put t h e  experiment i n  one of t h e  above 

s ta tes  are given in each box. 

Other commands are: J 

C 1  - Mode 1 

~2 - Mode 2 I .  

C3' SI C 7  - Mode 3 

C 1 0  - Advance hea te r  stace (see hea te r  state t a b l e  on 

next page). 



I' 

I 

j '  
v 

,\ I '  I 

,TYPICAL SCHEDULE 0-F CONDUCTIVITY:.' 
' MEASURE FOR THE HFE 

HEATER 
STATES MODE 400 

18 

TYPICAL SEQUENCE FOR HIGH COND. AT HEATER LOCATIONS 12 2 2  
. C I 0 6 X  

4 e  
C l  C2,C6 

'4 4 
C2,Cb C I , C 4 *  

R-T-PWR .9/ W-V- 2HR &T;FgJf . . . . . . . . . . 
. .  

Appendix Figure 1 

. , . . .  . 
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Equations: 

1. DTH (IJ) = A(1 ,  K) X3 Yo + A(2 ,  K) X2 Yo, + A(3 ,  K) X2 Y1 

+A(4, K) X1 Yo + A(5 ,  K) X1 Y1 + . A ( 6 ,  K) X1 Y2 + A ( 7 ,  K) 

+A(8, K) Xo Y1 + A ( 9 ,  K) Xo .Y2 + A ( 1 0 ,  K) X. 0 3  Y 

X = RB(1J )  Y = RB(1J) x VRH(1J) 

2. TREF = F(0)  + F(1) VREF + F(2) (VREF)2 + F(3) (VREF) 

3 ;  T C I J  = G ( 0 )  + G ( 1 )  EMF + G(2)(EMF)2 + G(31)(EMF)3 + G(4)(EMG)4 

4. EMF = H(0)  + H(l ) (TREF)  + H(2)(TREF)2 + H(3)(TREF)3  + H(4)(TREF)4 

N2-N, 3 + P(2)  + P(3) 
[ N r N d  ~ N I - N ~ ] :  L I 1-1 L J 

5. VREF = P(0) + P(1) - N2-N4 
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~ K S T A N T S  INDEPENDENT OF PROBE AND SECTION 
COEFFIC ITNES OF THE POLYNOMIAL ( P I  USED T O  CALCULATE THE REFRENCE TEMPERATURk 

-0 1 0 0 9  7 8 6  F-0 4 

-0 . 1 1 1 3 90 8 F-0 2 

O F F I C I E N T S  OF THE POLYNOMIAL ( F )  USED I N  THE REFRENCE TEMPFRATURE CALCULATION 

f i e l 0 6 8 2 1 8 E  0 0  I '  
t 

e -0 e 9 8 8  1 4 7 6  E-3 5 

0 . 2 7 3 1 5 3 4 E  0 3  
c e 5 n 3 5 0 3 3 F :  0 3  
n e 5 ? n 5 0 8 8 F  g q  
* , 7 5 p o n ~ ~  0 3  

O F F I C I F N T S  OF THE POLYNOMIAL ( G )  USED I N  THE THERMOCOUPLE CALCULATION 
0 . 2 7 2 7 9 8 E  0 3  
17,1715C;QF 05 

- 0 e 1 9 9 5 3 5 F  06  
0 e 1 3 8 1 7 3 E  0 8  

: -0e377338F  10 
O F F I C I E N T S  OF THE POLYNOMIAL ( H I  USED I N  THE THERMOCOUPLE CALCULATION 
- 0 . 9 q 4 1 2 5 F - 0 2  
' 0 e 5 6 4 0 3 4 E - 0 5  

O e 1 5 1 5 6 2 E - 0 6  
$ 

I 
-0 .168125E-09 

1 0 e 9 3 4 7 5 9 E - 1 3  
S 

C 1 9  

i 
t n * 1 0 9 8 7 1 9 E  04  

L e 8 1 5 3 5 2 9 E - 0 3  
_IR 

2 . 0 1 0 9 9 9 9 E  0 5  

4 

ri - .  ._ 



f C N S T b N T S  F O R  P R O ( ? €  1 U P P E R  S E C T I O N  4 
J K r - G R A P I F N T  F i R I O G F  

5.441?QQ9F-O? 

7 4 n n i 3 9 ~ ~ ~  n i  I '  

? . 7 7 7 ? Q o o F - 0 1  
R R  I DGE 

5 . 4 4 0 7 9 9 9 E - 0 3  
Y T - Q T Q G  RRIDGF 

2 e 7 3  2300'7F-03 

1 , 0 8 6 3 6 5 9 E  0 3  

' K h - G R A D T E N T  l ? R I P G E  

HR I DGE C K T - G R A D  I F N T  i 

KH-R I NG 

I L - G R A D 1  F N T  R R  i DGE 

" 1 L - R I N G  R R I D G F  
, 1 4 1 2 5 2 7 6 9 F  0 3 , -  

0.42 
OFFSET ( D F L T )  FaR R I N G  S E N S O R  T E M P E R A T U R E  M E A S U R E M E N T  

Z F F S E T  ( D E L D T )  FOR RING SENSOR T E M P E R A T U R E  DIFFERENCE MEASUREMENT 
i ~ n i 3  

C O F F T C T E N T S  OF P O L Y N O M I A L  ( A )  T O  C A L C U L A T E  D T  ( G R A D I E N T  B R I D G E )  
j - 0 . 2 6 6 6 1  IC-09 
' n .197734F-06  
-0 .179790E-05  

i-0 e 2 8 0 3 4 2 E - 0 5  
! C e 3 1 9 8 0 C E - 0 3  

O415115OE-Cl7 
I - n . i 7 2 m 3 ~ - 0 1  
' . - - 0 0 8 8 ? h h 7 ~  no 
' -0 ,8451  43-05 
- 0 . 2 9 3 0 5 5 E - 0 7  

~OFFICIENTS OF POLYNOMIAL ( B )  T O  C A L C U L A T E  T (GRADIENT BRIDGE). 
1 -0 o 3 11 8 52E-0  7 

0 . 8 2 0 5 4 3 E - 0 4  

0 .44278CF 0 0  
c). 9 4 1  8 4 h F - 0 4  

- 0 . 9 9 9 2 0 5 E - 0 7  
0 .338416E 0 2  

0 .843699E-04  
- 0 . 1 6 4 7 0 0 E - 0 6  

- 0 4 1 0 6 8 5 8 E - 0 6  

I 

- o o 2 0 5 6 7 a ~ - o i  

l O F F I C I E N T S  OF P O L Y N O M I A L  ( A )  T O  C A L C U L A T E  D T  ( R I N G  B R I D G E )  
-0 o '3 1 1  3 7 9E-09 

O e 3 0 1 7 7 0 F - 0 6  
-0 ,288730F-06  

0 .406890E-03  
-0 , 3 23'3 1 2 E - 0 8  

0 . 1 5 6 3 9 8 E - 0 1  
O e 8 7 1 1 7 8 E  00 

-0 ,488865F-05  
* - 0 , 1 0 0 4 5 8 F - C 6  
C O F F I C I E N T S  OF P O L Y N O M I A L  ( R )  T O  C A L C U L A T E  T ( R I N G  B R I D G E 1  

-0 ,672863E-07  
0 . 1 2 7 3 1 0 E - 0 3  

- 0 . 2 2 2 4 7 6 E -0 6 
0 . 4 2 4 4 2 5 E  00 
0 . 1 8 5 8 6 3 E - 0 3  

-0 ,193652E-06  
0 ,367192F 0 2  

-0.381 6 1 2 F - 0 1  

-0 ,577336E-07  

- 0 . 7 8 a 8 4 0 ~ - 0 4  

n , i 2 8 i 2 4 ~ - 0 3  
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TONSTANTS FOR P R O R E  1 LOWER SECTION 
*?KH-GRAD I F N T  Bri I DGE 

5 a 4 4 0  7 999 E-0 '3 
CKL-GRADIENT BRIDGE 

. ? O ~ O I ~ Q ~ ~ E  0 1  I '  

CKT-GRADTFNT HQIDGF 1 

2 7 2  23QqO F-0 3 
KH-RI NG R R  I D G F  

5 , 4 4 C 0 9 9 0 F - 0 3  
CKT-R I NG; BQ I DGF 
i 2 .7224099F-03  
?L-GRADIENT BRIDGE 

1 .0852644E 07 

1 , 1 1 5 1 6 3 9 F  0 3  
?L-RING RRTDGF 

COFFTCTFNTS OF POLYNOMIAL ( A )  T O  CALCULATE DT (GRADIENT BRIDGE)  
-0 .979433F-09 

O.8043 58E-06 
-0 .177329E-06  
-0 .323272E-03 

0 ,318565E-03 
i 0 0 1 2 2 3 1 0 E - 0 7  

0 ,2762  5 6 E - 0 1  
1 0 .888903F  00 

-0 ,719786F-05 
' - 0 .498331E-07  
PFFSET ( D E L I )  FOR RING SENSOR TEMPERATURE MEASUREMENT 

0.43 
FFSET ( D E L D T )  FOR RING SENSOR TEMPERATURE DIFFERENCE MEASUREMENT 
O a O O 2  

C O F F I C I E N T S  O F  POLYNOMIAL ( B )  TO CALCULATE T (GRADIENT B R I D G E ) .  
-0 .243987E-07 

-0 ,111504E-06 
0 ,444086E 09 

-0 ,994985E-07 
0,337'309E 0 2  

-0 .202479F-01  

ql -0 ,207970F-07  
,COFFICIENTS OF POLYNOMIAL ( A )  T O  CALCULATE D T  ( R I N G  BRIDGE)  

-Ge115781E-U9  
-0 ,641674E-07 

0 .143433E-03  
0 ,361760F-03  

- ~ , 4 2 5 7 7 Q c - O 8  
-0,4331 4 5 E - 0 1  

0 ,879956E 00 
-0,361284E-C5 

~ - 0 ,821537E-07 
C O F F I C I E N T S  OF POLYNOMIAL ( € 3 )  T O  CALCULATE T ( R I N G  B'RIDGE) 

-Oo32Q674F-O7  
(? ,8391]9F-O4 

0 .442156E 00 
0.96C771E-04 

0,1338265E 0 2  
- C ,  1891357E-01 

0 ,921830E-04  
-0 ,620094E-07 

0 , 8 o i o a 9 ~ - 0 4  

O o 9 5 2 9 0 9 E - 0 4  

0 .859163E-04 

- 0 a 2 3 0 5 4 7 E - 0 6  

- 0 , i 2 0 8 a 9 ~ - ~ h  

-0a?O5135F-O6  

5 
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-ONSTANT5 FOR P R C 3 E  2 UPPER SECTION 
h K H - G R A D I E N T  i 3 R I D G E  

'5 .441 6 9 3 9 F - 0 3  

2 ,00129?sE 0 1  

2 .7274q99E-03  
K H - R I N G  B R I D G F  

5 ,4407999F-03  
C ; K T - R I N G  RRIDGF 

I 2 ,7224099E-03  
L - G Q A D I F V T  BRIDGE 

1 .1526379E 0 3  

1 ,1911879E 9 3  

* 'KL-G'IPD J FNT 6n I DGF 

CKT-GRAD1 FNT BRIDGE 

'L-R I NG BR I DGE 

OFFSET ( D E L T )  FOR RING SENSOR TEMPERATURE MEASUREMENT 
0 0 4 4  
FFSET (DELDT)  FOR R I N G  SENSOR TEMPERATURE DIFFERENCE MEASUREMENT 
0.075 

COFFIC IENTS O F  POLYNOMIAL ( A )  T O  CALCULATE D T  (GRADIENT BRIDGE)  
1-Ge713456E-09 
' 0 ,585882E-06  

1-0 e 1 8 3 2 67E -0 3 
- 0 o 1 7 8 3 3 1 E - 0 6  r- 

I 0 e 3 1 8 6 7 9 E - 0 3  
0 4 1 1 3 2 7 6 E - 0 7  
0 . 6 6 4 2 1 0 F - 0 2  

' -0 .731774F-05 
-0 .542548E-07  
'OFFICIENTS OF POLYNOMIAL ( 5 )  T O  CALCULATE T (GRADIENT BRIDGE)  

' 0 0 8 8 8 2 4 5 F  00 

- 0 e 3 7 9 1 2 2 E - 0 7  
0 9 @ % 9 4 € - 0 4  

-0,1137705F-06 

~ , 1 1 5 4 o o F - O 3  
-0 .131060E-06  

O o 4 3 9 3 8 9 F  00 

0 e 3 4 3 2 6 1 E  0 2  
0 e 2 4 0 1 0 2 E - 0 1  

~ 0 , 9 Q 5 4 5 0 € - 0 4  
- 0 b 8 4 5 7 6 3 E - 0 7  

-3FFTCIENTS OF POLYNOMIAL ( A )  T O  CALCULATE DT ( R I N G  BRIDGE)  
-0 .393423F-09  

0 .48083SE-06 

-0 .183168E-03 
0 .288045E-03 

-0,1801 1 9 E - 0 1  
0,894535F 00 

L O  , 1 7 3 7 0 5  E-05 
t O e 5 1 4 4 0 5 E - 0 7  

-0,438 1 O M - 9 7  
0 ,986520F-04  

0 . 4 3 6 0 6 1 F  O C  

- r !  e 143F(R2F-O6 

0 ,138068E-06 

T O  e 4 0 1 7 1 7E-08 

COFFIC IENTS OF POLYNOMIAL ( 8 )  T O  CALCULATE T ( R I N G  BRIDGE)  

-0e156807F-Oh 

O b 1 2 8 ? h l E - 0 3  

0 ,346431 F 0 2  
-0 26(~4OOE-r )  1 
0,168307E-03 

-0 ,769807E-07 
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CONSTANTS FOR PRO3E 2 LOWER SECTION 
TKH-CRADIENT SRIOGE 

5 e 4 4 0 Q o Q q F - 0 ?  

2 ,0014999E 01 
CKT-CRADTENT BRIDGE 

2 7 2  2 7 9 9 9  F-0 3 
Z K H - R  I NC H R  1 DGF 

fiR44tOl 999E-c)3 
C K T - R I V G  F j R I D G F '  
' 3 , 7 7 2 3 O Q Q F - 0 3  

1 ,1627679E 0 3  
T L - R I N G  B R I D G E  
! 1 . 1 8 5 0 6 8 9 F  0 3  
OFFSET ( D E L T I  FOR RING SENSOR TEMPERATURE MEASUREMENT 

c K L - G R A D  I FNT i ? ~  T DGE 

L-GRAD I FNT B'? I PGE 

0 0 4 3  
~ F F S E T  ( DELDT I FOR RING SENSOR TEMPERATURE 91 FFERENCE MEASUREMENT 

0,014 
COFFIC IENTS 9F POLYNOMIAL ( A )  T O  CALCULATE D T  (GRADIENT BRIDGE)  
, - O e 5 1 0 h 7 6 F - 0 q  
i 0,519439E-06 
-0 .173038E-06  
-0 ,189586E-03 

1 0 . 3 1 3 7 8 2 ~ 5 - 0 3  
0 ,144434F-07  
0 ,157517F-01  ,_ 

0 .889129E 00 '+ 
" -0.7Q2534F-05 r- 

-0 ,523338E-07 

-0 .346705E-07  
0 ,863719E-04  

0.4410QOE 00 
0 ,102698F-03  

-0 ,110149F-06  
0 ,340914E 0 2  

-0 .219537E-01  

' -0,1981 82E-(36 

' O F F I C I F N T S  OF POLY 

' - 0  o 1 1 8 9  10E-O6 

. . 0 ,87a969~-04  

1 1 B )  T O  C LCUL TE T GRAD 

OFFTCIENTS OF POLYNOMIAL ( A )  T O  CALCULATE D T  ( R I N G  
-0 .499832E-10  
, 0 ,75687OE 08  
-0  2 18375F-Oh  

0 ,149796F-04  
0.35217OF-03 

-0 2 2 8 2 7 0 E -0  1 
0,887 9 8 5 F  00 

- O e 3 6 n 3 7 3 F - 0 5  
- 0 . 7 5 4 5 6 3 F - 0 7  

L0 .272979E-07  
0,78367OE-04 

-0,104056E-Oh 
0.44438OE 00 
0 ,872501F-04  

0 , 3 3 5 5 5 h F  03. 
-0 1 7 7 5  5 5 F - 0 1  

-0 ,564468E-07  

7- 0 o 3 1 0 8 2 4 E -9 8 

COFFICTFNTS OF POLYNOYl!AL ( R )  T O  C A L C U L A T E  T ( R I N G  

- n o 1 0 4 7 1 9 F - 0 6  

Oe923802E-04  

ENT BRIDGE)  

BRIDGE)  

BRIDGE)  
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SUMMARY O F  REAL TIME REDUCTION O F  LUNAR HEAT FLOW 

EXPERIMENT CONDUCTIVITY MEASUREMENTS I N  MODE 2 

TREND ANALYSIS 

High sensitivity temperature difference measurements, and 

the times of their occurrence, constitute the input data for the 

trend analysis program. 

theory of equilibration of the probe with the lunar medium is 

used to predict the values of the temperature difference a t  future 

times. 

A function of time, F(TIME), based on the 

e 
This function is equation (1) in  the appendix. 

The coefficients A(K) of the function F(T1ME) a r e  determined 

by applying least  squares techniques to a set  of previously measured 

temperature differences. 

set  of A(K) is given below. (See appendix 1 for definitions of t e rms  

used. ) 

The procedure for determining a satisfactory 

The first '40 values of DTEM(1) and TIME(1) out of a set  of 50 

values in the inter-Val TPRES - TSW a r e  used to calculate A(K). 

TIME(1) has incremental values separated by 1 hour of real  time. 

The coefficients a r e  then used to c'alculate PRDT(1) for all 50 values 

of TIME(1). 

temperature difference beyond the region of f i t  (TEND - TSW). 

The las t  10 values of PRDT(1) a r e  predictions of 

\. 

The deviations, DIFF(1) = DTEM(1) - PRDT(I), a r e  calculated. 

If tke root mean square of the las t  10 DIFF(1) is greater than 0.001 "C 

another 10 hours of data a r e  accumulated and the proqedure repeated. "' 

W.en the root mean square of DIFF(1) is less  than o r  equal to  C. 001 "C, 

tke last  values of A(K)  a r e  saved to be used to predict undisturbed 

temperatures during the Mode 2 conductivity measurement. This 

procedure is outlined in'block diagram form in figure (1). 

.b  

* i ,  
\ 

.. 

i I. 



CONDUCTNITY CALCULATION I N  MODE 2 - - I ’  

The input data to the reduction program shown in block diagram 

form ir;figure (2) a re ;  the ambient temperature at the heater location 

of interest ,  T(N, L), and the gradient bridge temperature difference 

DTH(N,L), where N refers  to the heater location (N‘= 1-4) and 

the index L refers  to one of eight discrete times after turn on of 

the heater. (See table 1. ) The values of T(N, L)  and DTH(N, L) 

are determined by manually averaging the data in  the ‘vicinity of 

the time corresponding to L. 

parameters ,  T(N, L) and DTH(N, L) wi l l  be graphed versus time 

by the principal investigator team. 

I -  

To facilitate the determination of these 

The time TIME(L) corresponding to DTH(N,L) and T(N,L), 

and coefficients A(K) f rom the Mode 2 trend analysis a r e  used in  

equation (1) to calculate a predicted undisturbed temperature 

difference PRDT(L). 

tracted f rom DTH(N, L) to yield corrected temperature differences 

DTHST(N, L). 

This predicted temperature difference is sub- , 

-. 
DTHST(N, L) and T(No L) are inserted in equation (2) to calculate 

the loglOICOND(L)]. The terms B(N, L, K)  in equation (2)  a r e  coefficients 

that w i l l  be supplied by the principal investigator. There a r e  32 

sets  of these coefficients corresponding to 4 locations and eight 

. 

, 

different t imes.  ’ Each se t  consists of 6 ,coefficients bringing the total 

to 192. 

then obtained by taking the antilog of the result. 

The best estimate of the lunar conductivity, .COND(L), is 
- 

.b -- c The calculations outlined in Figure (2) yield successive values 

of lunar conductivity which wil l  in  general improve with increasing 

time. 

computed conductivity values versus time. 

trends in  successive calculations and the scat ter  of the calculated 

values about the mean. 

can be made as to when to terminate the conductivity experiment. 

These results w i l l  be monitored by maintaining a.plot of 

This plot wil l  reveal 

On the basis of this information a judgement 
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SUMMARY O F  REAL TIME REDUCTION O F  LUNAR HEAT FLOW 
EXPERIMENT CONDUCTIVITY MEASUREMENTS I N  MODE 3 

8 

TREND ANALYSIS 

Following completion of the Mode 2 trend analysis procedure 

10 hours of ring bridge temperature difference data, RDTEM(I),. 

a r e  accumulated. 

equation (1) to determine coefficients AR(K),  K = l ,  6. Residuals 

RDIFF(1) a r e  calculated using the input data as in  the Mode 2 procedure. 

If the root mean square of the residuals is greater than 0.001 "C 

an additional 10 hours of data are accumulated and new coefficients 

These data a r e  fitted to a function of the form in 

a r e  calculated. If the root mean'square of RDIFF(1) is less  than 

0.001 "C the final se t  of AR(1) is saved to predict undisturbed ring 

bridge temperature differences during the Mode 3 conductivity experiment. 

This procedure is illustrated by flow chart  in  figure (3).  

CONDUCTIVITY CALCULATIONS IN MODE 3 - - 
The input data required to perform the calculation of conductivity 

-\ 

in  Mode 3 a r e  the ring bridge temperature differences DTR(N,I) 

w h e r e q r e f e r s  to the location index 1-4, a t  times, TIME(1). A flow 

chart of this calculation is  presented in  Figure (4). 
* A l l  data a re  plotted manually by the principal investigator team. 

At discrete times' af ter  heater turn on five DTR(N, I) and.TIME(1) 

a r e  selected. 

point a t  time corresponding to index L. (SEE TABLE 1) 

These points must be symmetrical in time around the 

The five 
. b  

TIME(1) are used to calculate predicted undisturbed temperature 

differences RPRDT(1). 

trend analysis a r e  used in  a function of the form of equation (1) 

appendix (1) to make this. computation. 

temperature differences, DTRST(N, I ,), a r e  determined by subtracting 

the RPRDT(1) f rom the DTR(N, I). 

a r e  combined with the five corresponding times, TIME(I), and 

The coefficients AR(K) f rom the Mode 3 

Cbrrected ring bridge 

The five values of DTRST(N, I) 

, .  



fitted by least  squares to a function of the fo rm given in equation (3)  

in the appendix. The coefficient S(L), where L is the time index, is 

the slope of a plot of log temperature difference versus log time. 

This slope is the basic parameter needed to calculate the lunar 

conductivity CO ND (L ) . 
The conductivity is calculated directly by use of equation (4) 

given in  the appendix. 

by  the principal investigator. 

for  all heater locations. 

and another for location 4. Therefore; BR(1, L, K)  = BR(2, L, K) 
= BR(3,  L, K) f BR(4, L, K). 

The 64 coefficients BR(N, L, K) a r e  provided 

Only two sets of BR's are required 

One set is for locations 1,2, and 3; 

The calculations outlined in Figure (4) yield values of COND(L) 

.at  successively longer t imes after heater turn on. These results 

wi l l  be plotted 

and determine 

mode. 

by the principal investigator team to monitor trends 

when the expe.riment should be witched to the decay 
. a  



APPENDIX 1 - DEFINITIONS '. 
I 

Mode 2 Trend Analysis 

DTEM(1) Hourly samples of gradient bridge temperature 

difference on the probe section where the conductivity 

experiment is to be run. 

time of DTEM(1) measurement in  milliseconds after 

HFE turn on. 

TIME(1) 

-4  KAPPA estimated diffusivity of lunar soil (lx 10 ) . 
OMEGA .2W/ (period of lunation) . (2.5 x loo6 8ec-l) 

TRAD(1) OMEGA x TIME(1) / 1000.0 I 

TAU(1) 

' TPRES 

KAPPA x TIME(1) / 1000.0 

' time of las t  recorded measurement 

TS W 

TEND 

PRDT(1) predicted temperature difference 

time at start of sample interval 

time at  end of sample interval 

DIFF(1) DTEM(1) - PR.DT(1) 

coefficients of equation (1) determined by least  squares-, 
$ 

A W  

Mode 2 Conductivity calculation . e  

COND(L) 

TIN, L)  
DTH(N, L) 

calculated lunar conductivity a t  time L 

ambient temperature at location N, time L 
:\ 

% 

, temperature difference at gradient bridge at location 

N, time L 

gradient bridge temperature difference minus the 

predicted undisturbed temperature difference. 

coefficients of the second order  polynomial uaed 

DTHST(N, L) 
.a 

B(N, L, K) 



APPENDJX 1 (continued) , '  

Mode 3 Trend analysis 

RDTEM(N, I) hourly samples of ring bridge temperature difference 

on the probe section where the conductivity experiment 

i a  to be run 

AR(K) 

RPRDT(1) predicted temperature difference 

coefficients of equation (1) fitted by least squares 

. RDIFF(1) RDTEM(1) - RPRDTt I )  

Mode 3 Conductivity Calculation 

DTR(N,I) temperature difference at ring bridge, location N, 

time I 

gradient bridge temperature difference minus the DTRST(N, I) 

. *  ~ 

predicted undisturbed temperature diffe rence 

coefficient S in  equation (3)  

coefficients'of equation (4) used to calculate COND(L) 

S(L) 

BR(N, L, K) 

Table 1 : Definition of time index L 

Eauations : 

Index (L) 

1 

2 

3 

4 

5 

6 

7 

8 

~- 
time in  hours after turn on of heater 

-Mode 2 

2 

4 '  

8 
' .  

12 

20 

28 

36 

42 

Mode 3 

3 .:.. , *. 

4 .  

5 
* .  

-. -. 

(1) F(T1ME) = A ( l )  t A(2) /  TAU(I )_ t  A(3)/ [TAU(I)IL 
t A(4) x Ln[TIME(I)/1000.O]/[TAU(I)]~ 

t A(5) x TRAD(1) 9 A(6)  x [TRAD(I)I3 

(2) LoglOICOND(L)] = B(N, L, 1) t B(N, L, 2 )  U t B(N, L, 3) V 
.\ 3 

;4 

t B(N, L, 4) UV t B(N;L, 5) U L I t  B(N, L, 6) V6 
I .  

where U = DTHST(N,L)  and V = T(h,LI 



APPENDIX 1 (continued) 

Equations (continued) 

(3) Loglo[DTRST(N,I)] =: M 4- S(L) x Loglo ([TIME(I)]/1000.0) 

( 4 )  COND(L) = BR(N,L,l) f BR(N,L,2) x S(L) f BR(N,L,3)'x [S<L)l2 

-!- BR(N,L,4) x [S(L)13 



APPENDIX 2 Outline of  l una r  hea t  flow conductivity measurement 

J 7- procedure 

': 
The following is  a s t e p  by s t e p  procedure f o r  running t h e  f irst  con- 

d u c t i v i t y  experiment. 

Sample DTH(11), DTH(12), DTH(21), and DTH(22) a t  hourly i n t e r v a l s  

during t h e  f i r s t  100 hours a f t e r  t h e  HFE is turned on. 

ment is  i n  Mode 1 f u l l  sequence. 

Perform t r end  ana lys i s  on DTH(11) u n t i l  p red ic t ions  are va l id .  

Accumulate an  a d d i t i o n a l  10  hours of da t a  and sample DTR(11) every 

hour by switching t o  Mode 3 with t h e  hea te r  o f f .  

Perform Mode 3 t rend  ana lys i s  and determine AR(K)'s. 

f i n a l  set of c o e f f i c i e n t s ,  A(K), using t h e  Mode 2 t rend  ana lys i s .  

I n i t i a t e  hea te r  11 i n  Mode 2 and compute estimates of lunar  conduc- 

t i v i t y ,  COND(L), corresponding t o  2 and 4 hours. I f  COND(L) is  

g r e a t e r  than 5 x w a t t s / c m ° C ,  go t o  s t e p  6; otherwise go t o  

s t e p  9. 

Switch t o  Mode 3 opera t ion  and c a l c u l a t e  successive COND(L) using 

Mode 3 procedures. (NOTE: Af te r  switching t o  Mode 3, t i m e  is  kept  

relative t o  Mode 3 t u r n  on). 

Terminate Mode 3 opera t ion  on p r i n c i p a l  i nves t iga to r s  approval and 

run decay mode sequence. 

Return t o  Mode 1 and ob ta in  1 0  hours of DTH da t a  a t  bridge 21. 

Switch t o  Mode 3 a t  hourly i n t e r v a l s  and accumulate 10  hours of 

DTR(21) data.  Go t o  s t e p  12. 

Continue i n  Mode 2 wi th  f u l l  sequence. 

Mode 2 procedures. 

Terminate Mode 2 experiment. 

The experi- 

Calcu la te  t h e  

Calcu la te  COND(L) using 



APPENDIX 2 (continued) 

Accumulate 10 additional hours of DTH(21) and DTR(21) data in Mode 1 

and Mode 3 with heaters off. 

Perform trend analysis on all bridge (21) data. When prediction is 

valid, initiate experiment at heater location 21 in Mode 2 and repeat 

steps 1 1 .  

Continue until all 10 conductivity experiments have been performed. 

,., 
r 
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APPENDIX A 



THERMAL CONDUCTIVITY MEASUREMENTS OF BORON-REINFORCED FIBERGLASS TUBE 

I. INTRODUCTION , 

The ALSEP Heat Flow Experiment w i l l  use two hea t  flow probes each 
emplaced i n  a 3 meter borehole i n  t h e  lunar ' sur face .  The borehole w i l l  
be cased with a boron-reinforced filament-wound f i b e r g l a s s  tube used as 
t h e  d r i l l  s t e m .  
measurements made by t h e  hea t  flow probes are influenced by t h e  thermal 
p rope r t i e s  of t h e  borehole casing. 
t h e  e f f e c t s  of t h e  cas ing  on t h e  probe's measurements, w e  measured t h e  
thermal conduct iv i ty  of a t y p i c a l  s e c t i o n  of t h e  borehole casing. 

The temperature g rad ien t  and thermal conduct iv i ty  

To provide d a t a  needed i n  es t imat ing  

11. METHOD AND APPARATUS 

The long i tud ina l  h e a t  flow method was used t o  eva lua te  t h e  thermal 
conduct iv i ty  Of a Prototype s e c t i o n  of boron-reinforced f i b e r g l a s s  tube, 
15 1 / 2  inches long. 
teen  0.003" diameter chromel-constantan thermocouples were cemented i n  
small ho les  d r i l l e d  i n t o  t h e  tube ,  Most of t h e  thermocouples w e r e  
loca ted  i n  t h e  boron l a y e r  of t h e  tube; o the r s  were loca ted  i n  t h e  
ou te r  f i b e r g l a s s  l aye r .  
i n s i d e  t h e  tube a t  i t s  midpoint,and cemented t o  t h e  tube with Dow Corning 
340 epoxy. 
of t he  tube. The void space w i t h i n . t h e  tube was f i l l e d  wi th  open ce l l  
urethane foam of approximately 2 l b / f t 3  density. '  The foam conductance i s  
very much lower than t h a t  of t h e  sample and can be neglected.  
su r f ace  of t h e  tube w a s  i n su la t ed  w i t h  approximately 1 2  l a y e r s  of multi- 
l aye r  i n s u l a t i o n  -- each containing an aluminized mylar s h i e l d  and a 
woven f i b e r g l a s s  c l o t h  spacer.  
wrap; 
wi th in  t h e  in su la t ion .  
"Figure 1. 

I 

Af te r  c a r e f u l l y  measuring t h e  tube dimensions, four- 

A 1000 ohm w i r e  wound r e s i s t a n c e  hea te r  w a s  placed 

Copper end plugs,  with cool ing  c o i l s ,  were f ixed  t o  each end 

The ou t s ide  

The i n s u l a t i o n  w a s  appl ied  i n  a continuous 
t h e  thermocouple wires were l e d  out  from the ' ca s ing  sample tube  

A schematic diagram of t h e  apparatus is  shown i n  

,\ 
The boron-reinforced tube,  toge ther  with thermocouples, end plugs, 

hea t e r  and i n s u l a t i o n  were placed on a l abora to ry  vacuum t a b l e  and 
covered wi th  a b e l l  jar. 
A cons tan t  temperature f l u i d  w a s  c i r c u l a t e d  through t h e  c o i l s  of t h e  
end plugs; electric power w a s  appl ied  t o  t h e  hea te r  using a con t ro l l ed  
dc power supply. An experimental measurement cons is ted  o f :  1) providing 
a con t ro l l ed  temperature f l u i d  i n  t h e  end plugs; 
electric power t o  t h e  hea te r ;  
f o r  a s teady  state temperature d i s t r i b u t i o n  t o  be e s t ab l i shed  i n  t h e  tube; 
4 )  recording t h e  thermocouple emfs (us ing  a L&N type  K-3 potentiometer and 
n u l l  meter) and t h e  hea te r  cu r ren t  and voltage.  Measurements were made a t  
t h r e e  temperature levels: room temperature, 230'K and 330'K. Temperature 
measurements were accura t e  t o  about_& .25'Ce 
w e r e  used. During t h e  measurements program, when it was determined t h a t  
r a d i a l  hea t  l o s s e s  were extensive,  an  addit.iona1 l a y e r  of f i b e r g l a s s  in- 
s u l a t i o n ,  approximately 1/2" thick,was added t o  t h e  o u t s i d e  of t h e  a l r eady  
in su la t ed  b'ore tube. 

The assembly w a s  evacuated t o  10-5 Torr o r  less. 

2) applying a cons tan t  
3) wai t ing  a s u f f i c i e n t  period (8-24 h r s )  

Severa l  hea t e r  power levels 



111. RESULTS AND DISCUSSION 

The original concept of the measurements required that the radial 
heat interchange between the tube and its surroundings be small so that 
one dimensional heat flow in the bore tube would result. Under these 
conditions, the temperature distribution in the tube should be linear 
and the conductance of the tube (the conductivity-area product) could be 
evaluated from the heater power and slope of the temperature - distance 
curve. 
high surface area, and the low insulating effectiveness of the insulation 
applied to the tube, radial heat flow was significant in almost all tests 
and an alternate method of analysis had to be adopted, 

Because of the low conductance of the tube, its relatively 

Figure 2 shows typical temperature profiles for several tests at 
room temperature. 
curvature for test 5. 
in Figures 4 and 5. 
made it difficult, if not impossible, to derive reliable values of con- 
ductance at low and high temperatures; however from tests at room tem- 
perature, particularly those where several power levels were used, 
reliable values of conductance can be determined. 

Note the linearity for tests 6 and 23 and the 

For these tests, the large radial heat flow 
High and low temperature test data are shown 

' 

A. Room Temperature Results 

Test runs 6, 7, 14, 19 and 23 were conducted at room temper- 
ature with a relatively low power spplied to the heater. Because of 
the small difference between the temperature of the boretube and the 
surroundings, radiation losses were small and the temperature gradient 
along the tube was almost linear. 
the conductivity-area product can be calculated from the equation: 

If we assume negligible heat losses, 

IcA =L 
AT/E x 

where q is half of the clectric power applied to the heater (one half 
flows in each ditection), and AT/L is the temperature gradient. 
results are shown below: 

The 

Test - 
6 
7 
14 
19 
23 

Heater Power AveraRe Temperature % 
(watt cm/ OK) I (watt) (OK) ' e 0079 

1.0075 1 0031 
.QO77 
0 007s 

300 
300 
296 
299 
301 

0.012 
0 :012 
0.013 
0.015 
0 e 013 

and indicate that the conductance is probaljly 0.013 2 0.001 watt crn/OK. 



However, careful examination of the temperature-distance plots 
show some curvature, particularly for those tests at higher heater power 
and at locations near the center of the tube. This is expected if heat 
is lost from the tube to the surroundings. 

A s  an alternate method of evaluating conductance, we assumed 
that the heat Losses were proportional to the difference between the 

Then Tm* average tube temperature, 
the electrical power dissipatidn can be related to the losses and the 
heat flow in the tube as follows: 

and the ambient temperature, To. 

kA 

L (T1 - T2) + hXDL (Tm - To) (2) 
X q h =  - 

i 1 1 1 ,  

where T and T 1 2 
D is the tube diameter, L the tube length between the heater and the 
heat sink, and h is the heat transfer, coefficient. 

are the heater temperature and heat sink temperature, 

Equation, 2 can be 
rearranged as follows: + 

r P 

For an almost linear gradient in the tube T T + T2 
2 

m 1 . 
A plot of q /(T 
line of sloge a x / L  and intercept ha DL, bus groviding a means for 
estimating U X / L  and h, Figure 3 shows such a plot for the room 
temperature data, including the points where losses may be significant. 
In drawing the line through the data, the results of test 17 were 
weighted only slightly because of the small temperature drop along the 
tube (0.45OC) and small difference between the ambient temperature and 
the tube temperature. Similarly, in test 5, the data point was discounted 
since the heat losses were the greatest and the temperature-distance 
curve was decidedly nonlinear. 
data points from tests at about 300°K, the value of kpI, is found to be 
approximately 0.011 watt cm/OK -- slightly lower than that assuming no 

2 heat losses. 

- To) versus (T - T2)/(T - T ) should give a straight 1 

From the slope of the plot of all other 

From the intercept, we find that h = 2.1 x 10-6 watt/cm OK. 

The radiation heat losses during the tests can also be estimated 
using an analytical model where a cylindrical fin of length L has its 
ends held at temperatures T1 and T2 and is radiating to surroundings at To. 
The temperature distribution in the tube is: 

T - T = - To) sinh m(L-X) + (T2 - To) sinh mx 
where T + T are the temperatures at x=O and at x=L, respectively. 
By matching theoretical and experimental temperature profiles, the 
value of mL can be estimated, where: 

(3) 0 
sinh (mL) 

1 2  

, 

or. 

I ,  



1: I n  Figure 2, t h e o r e t i c a l  curves are shown f o r  mL = 1.0 and mL = 1.2. 
The b e s t  match is  obtained a t  about mL = 1.3 which corresponds t o  a va lue  
of 

(6) 
2 = 8 x w a t t / c m  O K  

~(2.5) h =  

This tes t  w a s  conducted be fo re  t h e  1/2" f i b e r g l a s s  i n s u l a t i o n  w a s  
i n s t a l l e d  and r ep resen t s  t h e  e f f e c t  of 1 2  wraps of mul t i l aye r  i n su la t ion .  
The equiva len t  emittance f a c t o r  would have a va lue  of F 
t h e o r e t i c a l  f a c t o r  f o r  1 2  i d e a l  wraps having an emiss iv i ty .of  .025 per 
su r face  would be about .001. 
good than a n t i c i p a t e d ,  although t h e  i d e a l  va lue  could not  be  achieved i n  
p r a c t i c e  because of e f f e c t s . s u c h  as 1) t h e  conductance through t h e  
spacer 2) t h e  s p i r a l  wrap ( ins tead  of f l o a t i n g  concent r ic  s h i e l d s )  3) 
presence of thermocouple l e a d s  4) s l i g h t l y  t i g h t  wrap. 

=.013. The e 

The a c t u a l  i n s u l a t i o n  performance i s  less 

T e s t s ,  following #16 were run wi th  a d d i t i o n a l  i n s u l a t i o n  i n s t a l l e d  
ou t s ide  t h e  mul t i layers .  
ment between d a t a  from tests 5,  6, 7 ,  14 and from t e s t s s 1 7 ,  19,  23 which 
would i n d i c a t e  d i f f e r e n t  va lues  of t h e  i n t e r c e p t  o r  equiva len t  l o s s  
c o e f f i c i e n t ,  h. T e s t  5 may r e f l e c t  t h i s  e f f e c t .  However, tests 6, 7 and ' 
14 a l l  had "cold end" temperatures below room temperature so t h a t  hea t  
could be l o s t  t o  t h e  surroundings near t h e  warm end and gained near  t h e  
cold end. N e t  l o s s e s  would be  s m a l l  f o r  t hese  tests and would not  g ive  
a real is t ic  estimate of h. 
p r o f i l e  f o r  T e s t  6 ( f i g u r e  2) shows t h i s  e f f e c t  s i n c e  t h e  d a t a  a c t u a l l y  
i n d i c a t e  an S-shaped curve around t h e  s t r a i g h t  l i n e  drawn. 
decreases s l i g h t l y  wi th  d i s t a n c e  from t h e  hea te r  a t  t h e  warm end 
ind ica t ing  a hea t  loss.  
cold end. 

One might expect t o  see i n  Figure 3 a d isp lace-  

Close examination of t h e  temperature 

The s l o p e  

The oppos i te  e f f e c t  can be de t ec t ed  near t h e  

B. High Temperature Resul t s  

Data a t  about 330'K were obtained by c o n t r o l l i n g  end temperatures 
a t  about 65OC. This test  
w a s  conducted a t  a high power level and t h e  shape of t h e  curve i s  
i n d i c a t i v e  of s u b s t a n t i a l  hea t  l o s s e s ,  In earlier tests wi th  no power and 
with low power, t h e  hea te r  temperature was  a c t u a l l y  lower than t h e  cont ro l led  
end temperatures s i n c e  t h e  system was  l o s i n g  heat t o  surroundings a t  about 
22'K. ! 

Data from a t y p i c a l  test are shown i n  Figure 4 .  



The same f i n  model described i n  t h e  previous s e c t i o n  (equation 3) 
aga in  is  app l i cab le  and allows an estimate of l o s s e s  t o  be made us ing  
eqs. 4 and 5. 
b e s t  match w a s  obtained using mL = 0.6 .  

For test 51 shown i n  Figure 4 and f o r  t h e  q = 0 test, t h e  
This  corresponds t o  

o r  

watts 2 

G F F -  - = 1.7 x .011 
~ ( 2 . 5 )  1 7 . 1  h =  

1 . 7  x lom6 
Fe 4(5.67 x fO-I2) 

(7) 

This i s  f o r  t h e  system a f t e r  add i t ion  of f i b e r g l a s s  i n s u l a t i o n  over t h e  
mul t i l aye r  wrap. 
ment wi th  t h e  va lue  of h obtained from t h e  i n t e r c e p t  of Figure 3. 

The magnitude of t h i s  va lue  seems reasonable and i s  i n  agree- 

C. Low Temperature Resul t s  

Figure 5 p resen t s  t h e  temperature p r o f i l e  f o r  a t y p i c a l  low 
temperature test. I n  these  tests, t h e  coolan t  temperature was  con- 
t r o l l e d  a t  about -65'C. Since t h e  surroundings were a t  about 22'C, 
i n  these  tests hea t  w a s  flowing through t h e  i n s u l a t i o n  i n t o  t h e  test 

. s e c t i o n .  The shape of t h e  p r o f i l e  i n  Figure 5 shows t h i s  e f f e c t .  

The f i n  a n a l y s i s  i n d i c a t e s  t h a t  mL 2 0,7 f o r  t h e  low 
temperature tests. 
wa t t s / cm2 'K .  
level and would r e s u l t  i n  an  estimate of F F : ,004. However, s i n c e  
t h e  ou te r  i n s u l a t i o n  is  now t h e  he,at 
F is l i k e l y  t o  be g r e a t e r  than uni ty .  

I V .  CONCLUSIONS 

The equiva len t  va lue  of h is about 2.3 x 
This r ep resen t s  r a d i a t i o n  from about a 300'K temperature 

t h e  e f f e c t i v e  area f a c t o r  

a 

1. The measured conductance of t h e  boron-reinforced epoxy - 
This  va lue  f i b e r g l a s s  cas ing  a t  300'K i s  about 0.011 w a t t  cm/'K. 

has an accuracy of about +lo%. 

2. Tests at  230'K and 330'K temperature levels g ive  r e s u l t s  
cons i s t en t  w i th  t h e  room temperature tube  conductance and reasonable 
l o s s e s  o r  ga ins  of hea t  through t h e  sample i n s u l a t i o n ,  
are not  s u f f i c i e n t l y  accu ra t e  t o  allow an  experimental determination 
of t h e  conductance v a r i a t i o n  with temperature level. 

These r e s u l t s  

3.  Previous p red ic t ions  f o r  cas ing  conductance based on geometry 
and l i t e r a t u r e  va lues  f o r  boron, tungsten and epoxy-fiberglass 
ind ica ted  va lues  of kA = .025 watt , ,Fm/ 'K a t  200'K and = .020 w a t t  cm/OK 
a t  300'K. 
probably is due t o  unce r t a in ty  i n  t h e  conductance of t h e  boron f i b e r s  
which r ep resen t  75% of t h e  cas ing  conductance. No d a t a  f o r  boron f i b e r s  
werelocated,so l i t e r a t u r e  va lues  f o r  boron ' c rys ta l s  (1) 'were used i n  the 
ca l cu la t ions .  
ductance, t h e r e f o r e  t h e  measured va lues  are c o n s i s t e n t  wi th  expec ta t ions  
based on t h e  pred ic ted  va lues ,  

The d i f f e r e n c e  i n  pred ic ted  and measured conductances 

Deviation from a pure c r y s t a l l i n e  form would lower con- 

The 10% decrease  i n  conductance between 



200°K and 300°K reported i n  the l iterature is  probably applicable to  
the experimental data. 

V .  RECOMMENDATIONS 

The following values should be  used as axial thermal conductances 
for the HFE d r i l l  casing: 

kA = ,011 2.001 watt cm/'K a t  300°K ar* 

x i  
x i  

? 

kA a, .032 2 .do2 watt cm/'K a t  200'K 

(1) Thompson, J.C. and W. J .  McDonald, "Low Temperature Thermal Conductivity 
of Boron" i n  Gavle, "Boron," Vol, 2 Plenum (1965) 
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I. INTRODUCTION 

This r epor t  summarizes t h e  work accomplished by Arthur D. L i t t l e ,  

I nc . ,  under Subcontract SC 7 during t h e  per iod  1 J u l y  1969 t o  1 August 

1969.  

tasks : 

During t h i s  per iod  w e  c a r r i e d  o u t  por t ions  of  t h e  following 

A. Prepared p lans  and procedures f o r  conduct of t h e  t es t  

program. 

Conducted tests wi th  HFE Q u a l i f i c a t i o n  Model Spare 

Probes No. 1 and No. 2 and t h e  e l e c t r o n i c s .  

B. 

C .  Performed maintenance on test  apparatus f o r  c a l i b r a t i o n  

tests . 
D. Reduced and analyzed the  d a t a  and summarized the  tes t  

r e s u l t s .  

I n  t h e  s e c t i o n  t h a t  follows, w e  descr ibe  t h e  progress made under 

each task ,  w e  i n d i c a t e  cu r ren t  problems which have occurred and 

co r rec t ive  ac t ions  taken, and w e  d i scuss  t h e  work t o  be performed during 

t h e  next monthly r epor t ing  period. 



11. SUMMARY OF PROGRESS 

A. Plans and Prepara t ions  

During t h e  week of J u l y  28, w e  submit ted f o r  approval  our T e s t  Procedures 

No. 0501, P a r t  I V Y  Paragraph 9.0 f o r  performing t h e  Group I V  tes ts .  These 

are procedures f o r  t h e  tests t o  b e  performed wi th  t h e  Q u a l i f i c a t i o n  Model 

Spare,  Probe No. 1 t o  o b t a i n  d a t a  a t  t h e  same temperature  level and thermal 

conduct iv i ty  va lue  using both  t h e  Mode 2 and Mode 3 thermal conduct iv i ty  

measuring modes. 

performed w i t h  System Q u a l i f i c a t i o n  Model Spare Probe No. 2 i n  thermal 

The procedures are based on t h e  development tests r e s u l t s  

conduct iv i ty  appara tus  No. 2 during June and Ju ly .  

i n  Sec t ion  D of t h i s  r e p o r t .  

B.  T e s t  Program 

T e s t  r e s u l t s  are discussed 

Both t h e  Group I1 and Group I11 tests w e r e  completed i n  t h i s  r e p o r t  

per iod .  The r e s u l t s  of t h e s e  tests are summarized i n  Sec t ion  D of t h i s  r e p o r t .  

A s  noted t h e r e ,  t h e  48-hour long,  low thermal  conduc t iv i ty  test us ing  Heater 

H 1 1  (Test  K19D) produced anomalous r e s u l t s .  This  t es t  w i l l  be  repeated.  

W e  p l a n  t o  i n i t i a t e  Group I V  tests when approval  of the procedures  i s  

rece ived .  W e  expect  t h a t  t hese  w i l l  be  completed p r i o r  t o  September 1. 

C. T e s t  F a c i l i t v  and Maintenance 

I n  J u l y ,  w e  performed r o u t i n e  maintenance on t h e  HFE test f a c i l i t y .  

The Joseph Kaye thermocouple r e fe rence  temperature  instrument used wi th  t h e  

thermal conduct iv i ty  appara tus  f o r  a b s o l u t e  temperature  measurements w a s  

rep laced  i n  J u l y  when the in - se rv ice  u n i t  f a i l e d .  

D. Summary of T e s t  Resu l t s  

1. Group I1 Series 

2 



Figure  1 presen t s  g r a d i e n t  sensor  temperature  r ise d a t a  as a func t ion  of 

time f o r  t h e  four  Group I1 (Mode 2) tests conducted during June and Ju ly .  

These tests wi th  SQS-1 (SU 3 ,  probe 1) are f o r  h e a t e r  p o s i t i o n s  11, 13, and 

14 a t  a nominal temperature  l e v e l  of 225'K, and h e a t e r  p o s i t i o n  12 a t  205'K. 

Observation of t h e  r e s u l t s  i n d i c a t e s  an unusual ly  h igh  rate of temperature  

':rise a t  long  t i m e s  i n  t h e  H 1 1  test. A more d e t a i l e d  eva lua t ion  of s l o p e  d a t a  

sugges ts  t h a t  a p e r t u r b a t i o n  due t o  t h e  test equipment probably caused t h i s  

anomalous behavior  and p l ans  have been made t o  r e p e a t  t h i s  test. A malfunct ion 

i n  an i c e  po in t  r e fe rence  ba th  used i n  t h e  temperature  c o n t r o l  system w a s  

discovered a f t e r  t h i s  tes t  w a s  completed and i s  t h e  probable cause of t h e  

equipment t r a n s i e n t .  

A tes t  at  H12 and 225°K w a s  n o t  inc luded  i n  t h e  p re sen t  Mode 2 series 

because t h i s  w a s  one of t h e  o r i g i n a l  acceptance test  condi t ions  f o r  SQS-1. 

I n  t h e  earlier tes t ,  t h e  temperature rise after 1 8  hours  w a s  0.391'K producing 

a curve which would f a l l  between those  p l o t t e d  f o r  H 1 3  and H14 i n  Figure 1. 

However, t h i s  test w a s  conducted t o  acceptance tes t  s tandards  which were 

somewhat less s t r i n g e n t  than  Group I1 test requirements .  Because the  p re sen t  

tests are t o  be  used f o r  d e t a i l e d  s c i e n t i f i c  eva lua t ion  of Mode 2 performance, 

vacuum levels i n  t h e  test  tank have been h e l d  below t h e  11.1 l e v e l .  The H12 

acceptance test w a s  run  wi th  an 8p vacuum level which may r e s u l t  i n  a . 

s l i g h t  increase i n  t h e  e f f e c t i v e  thermal  conduc t iv i ty  of the bead bed due 

t o  r e s i d u a l  gas  conduction. It would be  d e s i r a b l e  t o  r e p e a t  t h i s  tes t  a t  

a low vacuum level t o  o b t a i n  r e s u l t s  more d i r e c t l y  comparable t o  t h e  

Group I1 tests. 

2. Grow 111 Series 

Figure  2 shows Mode 3 r i n g  senso r  temp,erature r ise d a t a  as a func t ion  

of t i m e  f o r  t h e  f o u r  Group I11 tests w i t h  probe SQS-1 (SN 3) a t  h e a t e r  

3 



p o s i t i o n  H12. T e s t  condi t ions  inc lude  two abso lu te  temperature  levels - 
205OK and 225°K - a t  each of two thermal conduct iv i ty  va lues  corresponding 

t o  he l ium-f i l led  and n i t r o g e n - f i l l e d  g l a s s  beads.  

Group 111 T e s t  Conditions 

G a s  Temperature ' ( O K )  . - 
Helium 205 O 4.95 

225 O 4.95 

Nitrogen 205 O 1.54 

225 O 1.72 

The Group I11 temperature  response curves (Figure 2) show an i n i t i a l  

rise which is  p r imar i ly  a func t ion  of a b s o l u t e  temperature  l e v e l .  A f t e r  about 

100 minutes ,  t h e  helium tes t  curves level- ou t  more r a p i d l y  than  do the  n i t r o g e n  

test  curves.  This  Behavior can be  seen more c l e a r l y  i n  Figure 3 which p r e s e n t s  

' . the  f i r s t  d e r i v a t i v e  o r  rate of temperature  rise as a func t ion  of t i m e  f o r  

t hese  tests. A clear d i s t i n c t i o n  i s  made i n  t h e  rate d a t a  between t h e  helium 

and n i t rogen  test condi t ions  a f t e r  about  150 minutes;  by 300 minutes,  t h e  e f f e c t  

of abso lu t e  temperature  level has  disappeared from t h e  helium test d a t a ,  and 

nea r ly  disappeared from t h e  n i t rogen  tes t  da ta .  In fact ,  t h e  n i t rogen  r e s u l t s  

may be r e f l e c t i n g  t h e  10 percent  decrease  i n  thermal  conduct iv i ty  of t h e  

n i t r o g e n - f i l l e d  bead bed between 225 and 205OK. 

f i l l e d  beads i s  almost independent of temperature i n  t h i s  range. 

The conduct iv i ty  of helium- 

These Mode 3 

r e s u l t s  are c o n s i s t e n t  w i th  t h e o r e t i c a l  performance p r e d i c t i o n s .  About a 

three- fo ld  change i n  test bed conduc t iv i ty  i s  r e f l e c t e d  i n  a 2.5-fold change 

*From ADL measurements i n  guarded co ld  p l a t e  appara tus  under BxA c o n t r a c t  
0242. 
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i n  t h e  v a l u e  of  t h e  rate of temperature  r ise a t  300 minutes  a f t e r  i n i t i a t i o n  

of a Mode 3 experiment.  

F u r t h e r  in format ion  w i l l  be  e x t r a c t e d  from t h e  Group I11 experiments 

when tempera ture  decay d a t a  are reduced f o r  a l l  s e n s o r  l o c a t i o n s  n e a r  t h e  

h e a t e r .  

3 .  Pre l iminary  Tests a t  5011 Bead P r e s s u r e  

Group I V  tests are planned t o  s imula t e  an i n t e r m e d i a t e  v a l u e  of thermal  

conduc t iv i ty  i n  t h e  K Apparatus by ope ra t ing  at a p a r t i a l  vacuum. Mode 2 

and Mode 3 experiments  w i l l  be  run  a t  t h i s  c o n t r o l l e d  i n t e r m e d i a t e  c o n d i t i o n  

which should  be  s e l e c t e d  t o  *fal l  w i t h i n  t h e  range  where Mode 2 and Mode 3 

ranges over lap .  

Pre l iminary  tests have been run  t o  f i n d  a s a t i s f a c t o r y  ope ra t ing  p o i n t .  

These tests are f o r  a 501.1 n i t r o g e n  p r e s s u r e  level and w e r e  r u n  us ing  probe 2 

i n  rile K-2 Apparatus t o  avoid  i n t e r f e r e n c e  w i t h  t h e  r e g u l a r  tes t  series. 

Also,  t h e  Mode 2 procedure development test w a s  performed a t  205°K a b s o l u t e  t e m -  

p e r a t u r e  level  a l though bo th  of t h e  o f f i c i a l  Group I V  tests are t o  b e  r u n  a t  225°K. 

Resu l t s  from t h e  Mode 2 t es t  a t  H22 are shown i n  F igu re  4 .  Dashed l i n e s  

show equ iva len t  response  curves f o r  H12 Mode 2 tests a t  205°K bo th  i n  t h e  

AT Apparatus (K % -) and i n  t h e  K Apparatus w i t h  vacuum level below 11-1. 

I f  d i f f e r e n c e s  between probe 1 and probe 2 are ignored ,  t h e  spread  of  t h e  curves  

i n  F igure  4 i n d i c a t e  t h a t  t h e  50y p r e s s u r e  level corresponds t o  about  K = 

1.5  x w a t t s / c m " K .  

F igu re  5 p r e s e n t s  d a t a  from a Mode 3 test  run  a t  t h e  same 5 0 ~  bead 

p r e s s u r e  a t  a t  205OK. The rate of tempera ture  r ise f o r  t h i s  test is  shown 

i n  F igu re  6. Dotted l i n e s  show s i m i l a r  225°K d a t a  f o r  H12 dur ing  tests w i t h  

ni t rogen-anc he l ium- f i l l ed  beads.  A t  300 minutes  i n t o  t h e  Mode 3 test, t h e  

r a t i o s  of t h e  r ise  rates are 1:2.5:7.1. I f  w e  u s e  t h e  helium and n i t r o g e n  

tests t o  determine a r e l a t i o n s h i p  between s l o p e  a t  300 minutes and thermal  

5 



conduc t iv i ty ,  w e  f i n d  a p r o p o r t i o n a l i t y  between thermal  conduct iv i ty  and t h e  

-1.25 power of t h e  s lope .  Sca l ing  on this  crude b a s i s ,  t h e  est imated thermal  

conduct iv i ty  f o r  t h e  5011 t e s t  condi t ion  would be  about 4.5 x w a t t s / c m ° K .  

Because of t h e  longer  t i m e  cons tan t  f o r  t h e  5 0 ~  test ,  t h e  s l o p e  a t  300 minutes 

is  s t i l l  being a f f e c t e d  by s h o r t  term e f f e c t s  and s c a l i n g  of r e s u l t s  i n  t h e  

above manner is n o t  j u s t i f i e d .  If longer  term d a t a  w e r e  a v a i l a b l e ,  t h e  response 

curve would be l e v e l l i n g  ou t  so  t h a t  a lower v a l u e  of thermal  conduc t iv i ty  

would a c t u a l l y  be p red ic t ed .  To p rope r ly  i n t e r p r e t  t hese  d a t a ,  t h e  Mode 3 

computer model p r e s e n t l y  being developed under Subcontract  No.  8 should be 

employed. 

For  p re sen t  purposes ,  however, t h e s e  tests i n d i c a t e  t h a t  50p provides  

a good in t e rmed ia t e  thermal  conduc t iv i ty  ope ra t ing  po in t .  Much lower p re s su res  
6 

would create problems i n  Mode 3 because t h e  2'K range  of t h e  r i n g  sensor  

would b e  exceeded be fo re  s h o r t  term e f f e c t s  had d i s s i p a t e d .  For c o n t r o l  

purposes,  Group I V  tests w i l l  b e  conducted a t  4 5 p  p r e s s u r e  s i n c e  t h e  vacuum 

gage andergoes a 'scale change a t  50p. 

- 

6 '  



0 

- . .  - -  -- . 

0 

i 



I 

8 
F i g u r e  2 



. .  

i 

i 

4 

i 

F i g u r e  3 



0 

3 
a 
W a 
6 

0 

0 

b 

P 



.. ... 

I '  

_. . . ̂ . ~ . ~ . -.. , . _ _ _  . __ ._" ~. .-_. ..... .̂.ll..-...llll __,*. 

3 

11 F i g u r e  5 



c 

12 F i g u r e  6 





Technical Memorandum NO, 1 

Preliminary Thermal Analysis of 

Heat Flow Probe and Lunar Medium 

prepared for 

Lamont Geological Observatory , 

Palisades, New York 

Under Subcontract No. 8 of 

Prime Contract No. NAS9-60 

with Columbia University 

D. Nathanson 
R. Merriam 

Arthur D. L i t t l e ,  Inc. 

Cambridge, Massachusetts 02140 

May 29, 1969 

C-71424 



TABLE OF CONTENTS 

L i s t  of Figures 

L i s t  o f  Tables 

I .  SUMMARY AND CONCLUSIONS 

11. THERMAL MODEL OF LUNAR MEDIUM 

A. Introduction 

B .  Finite-Dif ference Model 

C .  Method of Solution 

D. Results 

111. SUBDIVISION REQUIREMENTS FOR LUNAR PROBE 

A. Introduction 

B.  Thermal Models 

C. Results 

Page 

iii 

i v  

1 

2 

2 

2 

5 

7 

9 

9 

9 

11 



LIST O F  FIGURES 

Figure No.  Page 

1 ANNULAR CYLINDER ELEMENT O F  LUNAR MEDIUM 3 

2 NUMBERING PATTERN FOR TEMPERATURE LOCATIONS 6 

3 THERMAL MODELS FOR STUDY O F  S U B D I V I S I O N  REQUIRE- 
MENTS I N  LUNAR PROBE 10 

4 COMPUTED VERTICAL TEMPERATURE DIFFERENCE I N  PROBE 
SHEATH VERSUS NUMBER OF S U B D I V I S I O N S  12 

iii 



L I S T  OF TABLES 

Table' N o  P a g e  

1 NUMERICAL SOLUTIONS FOR HEAT FLOW FROM POINT 
SOURCE I N  I N F I N I T E  LUNAR MEDIUM '8 

iv 



I. SUMMARY AND CONCLUSIONS 

A preliminary a n a l y t i c a l  study w a s  performed t o  determine the  re- 

quirements f o r  an accura te  computer thermal model of a h e a t  flow probe 

and t h e  f e a s i b i l i t y  of ob ta in ing  an accura te  model of t h e  surrounding 

l u n a r  medium. I n  both ins tances ,  h e a t  flow equations were w r i t t e n  i n  

f in i t e -d i f f e rence  form using the  Zone Method of Strong and E m s l i e  

so lu t ions  were obtained using a generalized thermal analyzer program 

* and 

(ADLGTA) . 
The l u n a r  medium w a s  modeled by many l aye r s  of concentric annul i  

whose thickness w a s  chosen t o  vary wi th  d is tance  from the probe loca t ion .  

A procedure was developed f o r  numbering the  nodes and f o r  generating t h e  

input  d a t a  t o  the  thermal analyzer program. 

t u r e  d i s t r i b u t i o n  a r i s i n g  from a po in t  hea t  source were obtained and 

were compared wi th  exact so lu t ions .  The agreement between exact and 

computed temperature d i s t r i b u t i o n s  was found t o  be adequate , demonstrating 

t h a t  t h i s  approach i s  s u i t a b l e  f o r  computer modeling the  luna r  medium i n  

our  Phase I1 e f f o r t .  

t he  computing t i m e  was less than one second per  t i m e  s t e p  on a CDC 6600 

computer. 

Solutions f o r  the  tempera- 

For a luna r  model containing near ly  200 nodal po in ts ,  

Calculations of,  temperatures and temperature d i f fe rences  were made 

f o r  a low-conductance probe shea th  50 cm long surrounded by a d r i l l  casing, 

which w a s ,  i n  turn,  surrounded by a medium with a spec i f i ed  temperature 

grad ien t  of  0.04'K/cm (2'K AT over 50 cm). 

subdivisions was var ied  u n t i l  t he  computed AT over both t h e  probe sheath 

and d r i l l  casing was n o t  influenced by a f u r t h e r  increase  i n  the  number 

of subdivisions.  

v e r t i c a l  subdiv is ion  s i z e  of 2 c m  i n  the  probe sheath,  d r i l l  casing and 

The number of f in i t e -d i f f e rence  

The r e s u l t s  showed t h a t  a requirement of a maximum 

luna r  medium is  adequate f o r  an accura te  desc r ip t ion  of hea t  flow along t h e  

probe sheath.  

computer models of  experiment l oca t ions  during ou r  Phase 11 e f f o r t .  

This requirement w i l l  be observed when w e  prepare de t a i l ed  

* 
Strong, P. F. and E m s l i e ,  A. E.,  "The Method of Zones f o r  t h e  Calculation 
of Temperature Dis t r ibu t ion ,"  Paper 65 WA/HT-47, 1965, American Society 
of  Mechanical Engineers. 
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11. THERMAL MODEL OF LUNAR MEDIUM 

A. In t roduct ion  

The primary goals of t h e  Phase I ana lys i s  of t h e  luna r  medium 

can be  summarized as follows: 

a. Development of f in i t e -d i f f e rence  models f o r  lunar medium. 

b. Development of computer rout ines  t o  set up model and 

s o l v e  equations. 

c. Inves t iga t ion  of computer running t i m e  required t o  so lve  

equations. I 

Within the  following s e c t i o n s ,  t h e  work performed t o  meet these  goals w i l l  

be described. 

B. Finite-Difference Model 

The l u n a r  medium w a s  modeled as a series of l aye r s  of concentric 

annul i  of varying thicknesses.  Heat flow equations are w r i t t e n  f o r  each 

su r face  of an ind iv idua l  element i n  accordance with the Method of Zones' 

technique, and solved using an e x i s t i n g  Generalized Thermal Analyzer (ADLGTA). 

Figure 1 i l l u s t r a t e s  a t y p i c a l  element. Shown i n  the  f igu re  are 

Within each element t he  coordinate system and t h e  dimensions of t he  ring. 

a pa rabo l i c  temperature d i s t r i b u t i o n  is  assumed and expressions f o r  t he  n e t  

hea t  flow from faces 1 through 4 are found i n  terms of the  average su r face  

temperatures, T through T4 and the  mean temperature of t he  element, Tm: 1 

3b + Sa - 3 b + a T  
Ql ' = b-a 2nkRa (STm - b + a T1 b + a 2 

Q2--(6Tm- 5b b f a  + 3a T2 - b + a  + 3a T1) 

2 2  
Q3 = kn(b 11..  a - (6Tm - 4T3 - 2T4) 

2 2  
Q4 = kn(b 11 - a ) (6T m - 4T4 - 2Tg) 

2 
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FIGURE 1 ANNULAR CYLINDER ELEMENT OF LUNAR MEDIUM 
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. .  

The equation f o r  

by Equation (5): 

Ql + Q2 + Q, + 

re p is t h e  dens i ty  and 

$he mean temperature of the  zone is described 

m dT 
- =  0 2 Q, + p IT (b2 - a ) R C 

P d t  

C i s  the  s p e c i f i c  hea t  of t he  lunar  medium. 
P 

Thermal connection between t h e  zones is  made by way of t he  n e t  

t flows a t  t h e  zone sur faces .  For example, t he  hea t  flow from the  o u t e r  

su r f ace  of an element ( sur face  2 i n  Figure 1 )  i s  equal t o  the  negative of 

the hea t .  flow from the  i n s i d e  su r face  (1) of t h e  surrounding annular ring. 

Spec ia l  boundary conditions are appl ied  a t  the  outermost - o r  boundary - 
surfaces.  The method of t r e a t i n g  these  faces  w i l l  be discussed belo%7. 

The vertical he igh t ,  R ,  of each element w a s  chosen t o  be a con- 

s t a n t  whose va lue  depends on the  p rope r t i e s  of t he  medium and t h e  mode of 

probe operation. On t h e  o the r  hand, because of t h e  rapid a t tenuat ion  of a 

thermal wave wi th in  the  medium, the  thickness of each zone varies with t h e  

r a d i a l  d i s tance ,  r. Since the  temperature d i s t r i b u t i o n  from a poin t  hea t  

source - as w e l l  as from a sphe r i ca l  sur face  h e a t  source - var i e s  approxi- 

mately as l / r ,  t h e  thickness,  and hence the  r a t i o  of ou ter  t o  inne r  r a d i i  

b / a ,  was chosen t o  vary as r. That i s ,  

b r c 2 a  

where c i s  a parameter. The luna r  medium is  then composed of M vertical 

l aye r s  of  N concentric annul i  whose he ight  are R and whose o u t e r  t o  inne r  

r a d i i  have r a t i o  c2. 

2 

A t  the boundaries, the  hea t  flow from t h e  sur faces  are matched 

with the  form of s o l u t i o n  predic ted  f o r  a po in t  h e a t  source o r  a s p h e r i c a l  

su r f ace  h e a t  source: 

where 

R" = d i s t ance  from cen te r  of source 

= s t r e n g t h  of hea t  source 
QO 
ToD - i n i t i a l  temperature of  l una r  medium 

4 
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The f u n c t i o n  f (Qo, R*, t) i s  n e a r l y  ze ro  for  s h o r t  times. 

C. Method o f  S o l u t i o n  

The f i n i t e - d i f f e r e n c e  equa t ions  r e s u l t i n g  from t h e  thermal model 

This  d i g i t a l  computer program al- descr ibed  above are so lved  w i t h  ADLGTA. 

lows t h e  equat ions  t o  b e  wri t ten i n  i m p l i c i t  form (with r e s p e c t  t o  t i m e )  

so t h a t  t i m e  s t e p s  taken i n  t h e  s o l u t i o n  may b e  chosen independent of  nu- 

merical s t a b i l i t y  l i m i t a t i o n s .  

To o b t a i n  an  a c c u r a t e  thermal  model of t h e  l u n a r  medium, a l a r g e  

number of zones is  requi red .  

I f  t h e r e  are M vertical  and N r a d i a l  subd iv i s ions ,  t h e  t o t a l  number of  

Assoc ia ted  w i t h  each zone are 4 su r faces . '  

equa t ions  r equ i r ed  t o  desc r ibe  t h e  medium i s  3 M N f M + N. 

e n t  problem, t h e  average  number of  i n p u t  d a t a  ca rds  a s s o c i a t e d  w i t h  each 

equat ion  is approximately 8-10. 

d i v i s i o n s  t h e  t o t a l  number of  equat ions  is 181 corresponding t o  n e a r l y  

1,500 d a t a  cards .  

For  t h e  pres- 
* 

Hence, f o r  11 vert ical  and 5 r a d i a l  sub- 

To assist i n  t h e  p r e p a r a t i o n  of t h i s  enormous number of d a t a  

cards ,  a program w a s  w r i t t e n .  Inpu t  t o  t h e  program are t h e  l u n a r  s o i l  

p r o p e r t i e s ,  s t r e n g t h  of h e a t  source ,  probe dimensions and number of sub- 

* d i v i s i o n s  des i red .  

I n  t h e  p r e p a r a t i o n  of  i n p u t  cards ,  an automatic  numbering system 

w a s  adopted. F igure  2 i l l u s t r a t e s  t h i s  system. Each zone is  i d e n t i f i e d  

by t h e  cons t an t s  I and J where t h e  maximum value  of J (M) is  an  odd number 

s o  t h a t  t h e  c y l i n d r i c a l  h e a t  sou rce  (surrounding the  g rad ien t  s enso r )  makes 

up t h e  innermost element of t h e  c e n t r a l  l a y e r .  I n  F igure  2 t he  p l u s  s i g n s  

schemat i ca l ly  r e p r e s e n t  t h e  mean temperature  node, whi le  the dats repre- 

s e n t  t h e  s u r f a c e s  shown as 1 through 4 i n  F igure  1. 

In  a d d i t i o n ,  a programwas w r i t t e n  t o  determine the  d i s t a n c e  of 

each temperature  l o c a t i o n  from t h e  c e n t e r  o f  t h e  h e a t  source  and t h e  l o c a l  

t r a n s i e n t  temperatures .  

model a g a i n s t  a v a i l a b l e  s o l u t i o n s  as w e l l  as i n  a i d i n g  i n  t h e  choice  i n  t h e  

s i z e  o f  t h e  subd iv i s ions .  

The program is  u s e f u l  f o r  checking t h e  thermal  

5 
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D. Results 

Solutions were obtained f o r  a po in t  h e a t  source wi th in  an in- 

f i n i t e  medium of various thermal conduct iv i t ies .  For these  cases,  t h e  

probe was replaced by c y l i n d r i c a l  elements of lunar material where t h e  

central  element has a source of hea t  Qo. 

As a r e s u l t  of preliminary s t u d i e s ,  s e v e r a l  modifications were 

made t o  t h e  thermal ana lys i s  program. 

doubling of  the f i e l d  length  f o r  the  input  of thermal conductances. To 

obta in  accura te  h e a t  balances a t  each node po in t ,  t h e  thermal couplings 

must be s p e c i f i e d  to  n ine  s i g n i f i c a n t  d i g i t s .  

The most important change was  a 

Furthermore, a change w a s  made i n  t h e  method of t r e a t i n g  the  

It appears t h a t  the  accuracy of t he  numerical so- boundary conditions.  

l u t i o n s  can be improved by r e t a i n i n g  only t h e  f i r s t  two tenus on t h e  

right-hand s i d e  of Equation (6) .  

is  being inves t iga t ed  more c lose ly .  

The reason f o r  t h i s  i s  not  clear and 

A comparison between some computed l o c a l  temperatures and exact 

so lu t ions  is  given i n  Table 1. The l u n a r  medium was assumed t o  be  i n i t i a l l y  

uniform a t  2 3 0 O K ;  t he  temperatures l i s t e d  i n  Table 1 are the  increases  over 

t he  i n i t i a l  temperature ( O K ) .  Each zone is  i d e n t i f i e d  by t h e  ind ices  (I, J) 
as defined i n  Figure 2 and by t h e  d is tance  from t h e  source R* (cm). 

hea t  source Qo and thermal conductivity k are i n  u n i t s  of watts and watts/cra- 

O K ,  respec t ive ly .  

operation, respec t ive ly .  

The 

Cases A and B correspond t o  Mode 2 operation and Mode 3 

The agreement between computed and exact values of l o c a l  t e m -  

pera tures  is adequate and encouraging, i nd ica t ing  t h a t  the  above approach 

is a u i t a b l e  f o r  computer modeling the luna r  medium i n  our Phase' I1 e f f o r t .  

Since these  results were obtained e a r l y  i n  our  program wi th  l imi t ed  experi- 
ence gained i n  applying the  thermal model, we be l i eve  the  agreement w i l l  
improve when w e  do f u r t h e r  work i n  preparing models of t he  lunar medium 

f o r  our  Phase I1 work. 

The computing time required t o  ob ta in  these  so lu t ions  is very 

s h o r t  - less than one second p e r  t i m e  s t e p .  

the l o c a l  temperatures ( a t  about 200 temperature loca t ions)  a t  a time of 

300 minutes was less than 30 seconds i n  each case. 

Tota l  time required t o  compute 

7 



TABLE 1 

NUMERICAL SOLUTIONS FOR HEAT FLOW FROM P O I N T  SOURCE 

I N  I N F I N I T E  L-LIHAR MEDIUM 

CASE A CASE B 

(I, J) R* TNODAL T~~~~ R* T~~~~ T~~~~ 
TIHE 

f50,O rriin. (I, ' 3 )  2.877 6.5773 6.9961 2.522 0.0138 0.0258 

(3, 3) 4.362 1.7397 1.6139 2.908 0.0070 0.0098 

( 1 9  51 1.777 23.0459 21.4920 1.562 0.2318 0.2124 
; 3 ,  5) 3.660 3.4109 3.i710 2.129 O.Cq# -* 0.0636 

.5, 5) 8.076 -0.0109 0.0129 2.980 0.0114 0.0081 

300.0 mfn. (I, 3) 2.877 11,4510 11.4108 2.522 0.0649 0,0803 

( 3 ,  3) 4 .  ' 3  4.4553. 4.0769 2.908 0.0403 0.0429 

(1, 5) 1.777 29.2959 27.4299 1.562 0.380(~ 0.3518 

( 3 ,  S! 3.660 6.9042 6.4637 2.129 0.1676 0.14,tO 

( 5  i I . j  0.1799 0.2113 2.980 0.0576 0.0381 

CASE A: 

CASE B: 

Q, = 0.5,  k t= 0.0005, p, = 1.5,  Too =i 230.0 

Q, = 0.002, k = O.GW1, p, = 1.5, TQ) = 230.0 



I n  summary, because of t h e  r e l a t i v e l y  s h o r t  t i m e  r equ i r ed  t o  s o l v e  

the  f i n i t e - d i f f e r e n c e  equat ions  and t h e  adequate  agreement between computed 

and e x a c t  temperature  d i s t r i b u t i o n s ,  t h e  proposed techniques f o r  modeling 

t h e  l u n a r  medium is very  promising. 

111. SUBDIVISION REQUIREMENTS FOR LUNAR PROBE 

A. In t roduc t ion  

The s e l e c t i o n  of a f i n i t e - d i f f e r e n c e  subd iv i s ion  of t h e  l u n a r  h e a t  

flow probe i s  dependent on: 

s c r i b e  t h e  c h a r a c t e r i s t i c s  of t h e  probe assembly inc lud ing  cons t ruc t ion  

d e t a i l s  i n  t h e  g r a d i e n t  and r i n g  s e n s o r s ,  and 2) t h e  s i z e  of t h e  ver t ical  

,ubdiv is ions  i n  t h e  low-conductance probe shea th  necessary t o  render  an 

a c c u r a t e  d e s c r i p t i o n  o f  t h e  h e a t  f low between senso r  l o c a t i o n s .  The f o l -  

lowing d i scuss ion  desc r ibes  numerical  experiments performed t o  determine 

the  requirements  f o r  ver t ica l  subd iv i s ions  i n  t h e  low-conductance probe 

1) t h e  subd iv i s ion  necessary  t o  accu ra t e ly  de- 

shea th  and t h e  d r i l l  cas ing .  

as a guide f o r  v e r t i c a l l y  subdiv id ing  t h e  l u n a r  medium which communicates 

wi th  t h e  d r i l l  ca s ing  by r ad ia t ion .  

The r e s u l t s  of  t h i s  s tudy  w i l l  a l s o  serve 

B. Thermal Models 

Two thermal models, shown schemat ica l ly  i n  F igure  3 ,  were used 

t o  examine t h e  r e l a t i o n s h i p  between t h e  number o f  subdiv is ions  i n  the  

probe and the  accuracy of t h e  temperature  p r e d i c t i o n s .  Model A cons iders  

an epoxy-fiber-glass probe shea th  50-cm long  sepa ra t ed  from a surrounding 

medium by a r a d i a t i o n  gap. 

p e r a t u r e  d i f f e r e n c e  oi 2°K;  t h e  temperature  v a r i e s  l i n e a r l y  from 240°K 

a t  t h e  lower end t o  238°K a t  t h e  top end. The emi t tances  of t h e  o u t e r  

s u r f a c e  o'f t h e  probe shea th  and t h e  i n t e r n a l  s u r f a c e  surrounding medium 

are taken as un i ty .  

r a d i a t i o n  01: i t s  ~ ~ t e r  suk-face. and conduction a long  i t s  l eng th .  

phys i ca l   del, t h e  i n t e r n a l  s u r f a c e  of  t h e  shea th  and i t s  ends are adia-  

b a t i c .  Model B cons ide r s  a sio-ilar arrangement w i t h  a d r i l l  cas ing  (lunar 

drSP1 s t r i n g )  i n t e rposed  bebieen t h e  probe shea th  and t h e  surrounding 

The surrounding medium has  a s p e c i f i e d  t e m -  

The h e a t  flow i n  t h e  probe shea th  is  governed by 

I n  t h i s  



T = 24OK 
Model A 

,-Drill Casing 

2n t 

Model B 
- -  .. . NOTE: DoQt2d I "ne denotes finite-difference subdivision 

"prabe = - T2n I- 1 

FIGURE 3 THERML MODELS FOR STUDY OF SUBDIVISION 
REQUIREMENTS IN LUNAR PROBE 
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medium. 

e x t e r n a l l y  t o  t h e  surrounding medium having a s p e c i f i e d  2'K AT over 50 cm. 

This  d r i l l  c a s i n g  r a d i a t e s  i n t e r n a l l y  t o  t h e  probe shea th  and 

The thermal  p r o p e r t i e s  and dimensions used i n  s e t t i n g  up t h e  

thermal models are summarized below: 

Thermal Conduct ivi ty  Thickness 
Desc r ip t ion  (w/ cm'K) ( cm) 

Probe s h e a t h  
(Models A and B) 5 0.0317 

D r i l l .  c a s ing  
(Mddel B) 7.62 (0.292 e f f e c t i v e )  

The thermal conduc t iv i ty  of  t h e  d r i l l  ca s ing  has  n o t  been meas- 

ured exper imenta l ly  t o  da t e .  

ca s ing  are based on an  e f f e c t i v e  conduct iv i ty-area  product  (KA) of 17.6 x 
Thermal p r o p e r t i e s  shown above f o r  t he  d r i l l  

w/cm'K which was c a l c u l a t e d  a n a l y t i c a l l y .  We expect  t h a t  t h e  meas- 

ured va lues  of cas ing  thermal  conductance w i l l  exceed those  used . in  ou r  

pre l iminary  c a l c u l a t i o n s .  Therefore ,  t he  es t imated  va lues  of conductance 

desc r ibe  a conse rva t ive  cond i t ion  f o r  t h e  eva lua t ion  of subd iv i s ion  s i z e  

r equ i r ed  f o r  accu ra t e  temperature  p red ic t ions .  That i s ,  i n  systems gov- 

erned by r a d i a t i o n  and conduction ( r a d i a t i n g  f i n  e f f e c t ) ,  t he  subd iv i s ion  

s i z e  f o r  accu ra t e  c a l c u l a t i o n s  i s  p ropor t iona l  t o  t h e  thermal conductance 

of t h e  r a d i a t i n g  o b j e c t .  

The number of  equal-length subd iv i s ions  i n  t h e  probe shea th  (and 

both  t h e  probe shea th  and d r i l l  ca s ing  f o r  Model B) was v a r i e d  from a mini- 

mum of  2 t o  a maximum of 40. Because of  t h e  l a r g e  amount of d a t a  prepara- 

t i o n  f o r  t h i s  s tudy ,  i n p u t  d a t a  f o r  ADLGTA w a s  prepared by comp,uter rou- 

t i n e s .  

C. Resu l t s  

The r e s u l t s  of  t h e  s tudy  of subd iv i s ion  s i z e  i n  t h e  probe shea th  

are shown g raph ica l ly  i n  F igu ie  4 where t h e  end-to-end AT i n  t h e  probe is  

p l o t t e d  as a func t ion  of t he  number of  equal  subd iv i s ions  (and subd iv i s ion  

s i z e ) .  For Model A, which cons iders  t h e  probe shea th  d i r e c t l y  exposed t o  
- - _  
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n 
Y 

Length o f  Vertical Subdiv is ion  (cm) 

5 4  3 2 1.5 1 

AT i n  Surrounding Medium 
- - - . . . - r a l l l b -  

i 
I ,Ol 

0 IO 20 30 40 50 

Number o f  Subdiv is ions  

FIGURE 4 COMPUTED VERTICAL TEMPERATURE DIFFERENCE 
IN PROBE SHEATH VERSUS NUMBER OF SUBDIVISIONS 
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t he  environment,  t h e  dependence on r1nc'9 the number of subd iv i s ions  drops 

o f f  a t  approximately 30 subdiv is ions .  

creases t h e  computed AT by less than O . O l ° K .  The c a l c u l a t i o n s  f o r  Model B 

show t h a t  a subd iv i s ion  l e n g t h  of 2 c m  (n = 25) i s  adequate f o r  t h e  probe 

when t h e  6,- c a s i n g  is  considered i n  t h e  c a l c u l a t i o n .  Here, i n c r e a s i n g  

"n" from 20 t o  30 changes t h e  computed AT i n  t h e  shea th  by less than 0.005°K. 

It can a l s o  b e  noted t h a t  t h e  cons ide ra t ion  o f  t h e  d r i l l  cas ing  caused a 

reciuction i n  t h e  AT measured over  t h e  probe shea th .  The AT changes from 

1.94OK f o r  Model A t o  1.77 f o r  Model B. 

I n c r e a s i n g  "n" from 30 to 40 in-  

. I n  summary, i n  formula t ing  d e t a i l e d  thermal  models of t h e  l u n a r  

h e a t  f low probe i n  the  reg ions  of  t h e  g rad ien t  and r i n g  senso r ,  t h e  l e n g t h  

of ver t ica l  subd iv i s ion  should n o t  exceed 2 cm. 

a p p l i e s  t o  thermal modeling of t h e  d r i l l  ca s ing  and l u n a r  medium i n  t h e  

same region.  

This  requirement a l s o  

13 
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I. INTRODUCTION 

Our work and progress  on the  thermal  a n a l y s i s  of t he  Heat Flow Experi- 

ment were comprehensively covered during an  o r a l  p re sen ta t ion  at  Arthur  D. 

L i t t l e ,  Inc. ,  on J u l y  1 0  and 11, 1969. 

t h i s  meeting were D r s .  Marcus G. Langseth, ,  Jr. 

Steven Khein. 

L-DGO rep resen ta t ives  a t t end ing  

and John Chut te ,  and M r .  

I n  t h i s  r e p o r t  w e  i n t e n d  t o  summarize our  progress  and document a 

condensed ve r s ion  of o u r  o r a l  p re sen ta t ion .  Consequently, w e  have organized 

t h i s  r e p o r t  i n  two s e c t i o n s .  

r e p o r t  p r e s e n t s  a b r i e f  d i scuss ion  of t he  t a s k s  completed during t h e  repor t -  

i n g  per iod .  

on the  development of two-dimensional, f i n i t e - d i f f e r e n c e  models of t h e  l u n a r  

medium. 

One s e c t i o n ,  contained i n  the  body of t h e  

Another s e c t i o n ,  inc luded  as an appendix, descr ibes  our  progress  

11. PROGRAM PROGRESS 

A. Phase I - Pre l iminary  Analysis  

I n  la te  May w e  i s s u e d  Technical  Memorandum No. 1, "Preliminary 

Thermal Analysis  of Heat Flow Probe and Lunar Medium." 

descr ibed  t h e  t e c h n i c a l  approach f o r  p repa r ing  a f i n i t e - d i f f  erence subdivi-  

s i o n  of t h e  l u n a r  medium and t h e  requirements f o r  an accu ra t e  f i n i t e - d i f f e r -  

This  memorandum 

-.ence subd iv i s ion  of t h e  l u n a r  probe. .. . 

B. Phase I1 - Analysis  of Thermal Conductivity Experiments 

1. Modeling S tud ie s  on Lunar Medium 

Using t h e  t e c h n i c a l  approach evolved during ou r  Phase I e f f o r t ,  

work cont inued on the  deveiopnent of  thermal models of t h e  l u n a r  medium. 

Para  c t r ic  s t u d i e s  were made us ing  t h e  two-dimensional model of t h e  l u n a r  

medium ( l a y e r s  of concen t r i c  annu l i  i n  t h e  r a d i a l  d i r e c t i o n  and equal ly  

spaced subd iv i s ions  i n  t h e  ver t ical  d i r e c t i o n )  having a s o l i d ,  c y l i n d r i c a l  

h e a t  source.  

s o l u t i o n s  were examined: 

The e f f e c t s  of  t h e  fo l lowing  v a r i a b l e s  on t h e  accuracy of 

a) number of r a d i a l  subd iv i s ions ,  b )  number of 



vert ical  srr;bdivisions, and c) numerical  parameters involved i n  the computer 

s o l u t i o n ,  i . e . ,  i n t e g r a t i o n  parameter ,  a ,  t o l e rance ,  and time s t e p .  

I n  o r d e r  t o  check t h e  mesh s i z e  o r  number of subdiv is ions  i n  
t h e  r a d i a l  d i r e c t i o n  f o r  accu ra t e  p r e d i c t i o n s  of temperature a t  regions 

c l o s e  t o  t h e . h e a t  source  ( important  t o  t h e  Mode 2 opera t ion ) ,  w e  conducted 

f u r t h e r  s t u d i e s  us ing  a one-dimensional problem of a t h i n ,  c y l i n d r i c a l  h e a t  

source  i n  a rnediura composed of annular  concen t r i c  r ings .  

r a t i o  of  o u t e r  t o  i n n e r  r a d i i  was taken t o  vary as r. The r e su l rb  our  

s tudy  were presented  i n  d e t a i l  during a meeting Ki th  Lamont a t  ADL on 

J u l y  10  and .11 ,  1969; and t h r e e  sets of g raph ica l  p l o t s  of computed r e s u l t s  

- and comparisons wi th  corresponding exac t  s o l u t i o n s  were furn ished  t o  Lamont. 

As before  the  

I n  summary computer-modeling procedures have been developed 

f o r  t h e  l u n a r  medium which are accura t e  and which can be used t o  compre- 

hens ive ly  ana lyze  t h e  conduct iv i ty  experiments i n  t h e  two modes of opera t ion .  

The a t t ached  appendix b r i e f l y  summarizes t h e  approach and f ind ings  of  this 

work. 

2. Modeling o f  t h e  Lunar Heat Flow Probe 

We are p r e s e n t l y  n e a r  completion i n  t h e  development of de- 

t a i l e d  mathematical  models of t y p i c a l  r i n g  senso r  and gradien t  s enso r  loca- 

t i o n s  i n  t h e  h e a t  flow probe. 

ta i ls  of  t h e  r i n g  senso r ,  s p l i t  i n n e r  tube ,  end shea th  and o u t e r  shea th  

contained w i t h i n  t h e  two s p l i t  annular  space r s  above and below t h e  r i n g  

sensor .  This  model d e s c r i p t i o n  accounts f o r  such important  h e a t  t r a n s f e r  

modes as: r a d i a t i o n  h e a t  t r a n s f e r  between 

r a d i a n t  h e a t  t r ansmi t t ed  a long  t h e  annu la r  space between t h e  end shea th  

and t h e  o u t e r  shea th ;  and conduction h e a t  t r a n s f e r  a long t h e  end shea th ,  

f i l l e r  sleeve, o u t e r  shea th ,  and wire harnesses .  

Approximately 50 equat ions  desc r ibe  t h e  de- 

3 r i n g  senso r  and d r i l l  casing;  

. 

Approximately 40 equat ions are used t o  desc r ibe  t h e  h e a t  flow 

i n  t h e  r eg ion  of t h e  g rad ien t  s enso r  l o c a t i o n .  

CGndUCtaRCeS are w e l l  de i ined  i n  terms of l eng ths  and probe thermal proper- 

t ies ,  
i n  t h e  g r a d i e n t  s enso r  r eg ion  are the  emit tances  of t h e  i n n e r  and o u t e r  

s u r f e c e s  of  thc senso r ,  and the  thermal masses of t h e  senso r  and hea te r .  

The major i ty  of thermal 

The most impi;-st+imt parameters which determine t h e  thermal behavior  

2 



c-:x next  s t e p  i n  our  work will be t o  check o u t  theee  models 

and pel losm c a l c u l a t i o n s  i n  an  environment s imula t ing  t h e  Group I series 

of  tesix i n  t h e  A% appa ra tus ,  

t h r e e  ceapera tures  of  t h e  aluminum rest sleeve (T = 205.4, 224.4 and 244.5'K). 

Temperature h i s t o r i e s  of t h e  senso r  and s t eady- s t a t e  temperature rise w i l l  

b e  computed and compared w i t h  measurements from t h e  Group I tests. 

Paramet r ic  c a l c u l a t i o n s  w i l l  be  made f o r  

3 



APPENDIX 

Summary of Thermal Analysis of Lunar Medium 

I. INTRODUCTION 

I n  ou r  e a r l y  s t u d i e s  us ing  t h e  two-dimensional model of t h e  l u n a r  

medium, t h e  accuracy of c a l c u l a t i o n s  was examined by comparing computer 

p r e d i c t i o n s  w i t h  an a v a i l a b l e  exac t  s o l u t i o n .  

t h e  problem o f  a s p h e r i c a l  s u r f a c e  h e a t  sou rce  i n  an i n f i n i t e  medium, whi le  

.the f i n i t e - d i f f e r e n c e  model descr ibed  a s o l i d ,  c y l i n d r i c a l  h e a t  source  

centered  i n  a l u n a r  medium. 

The exact s o l u t i o n  was f o r  

The pre l iminary  r e s u l t s  r epor t ed  i n  ou r  Technical  Memorandum No. 1 

i n d i c a t e d  t h a t  t h e  modeling approach was reasonable  i n  terms of t h e  pro- 

j e c t i o n s  f o r  t h e  r equ i r ed  number of equat ions  necessary  and t h e  computer 

t i m e  f o r  a t r a n s i e n t  s o l u t i o n .  

improve t h e  agreement of exact and numerical  r e s u l t s .  

nary  c a l c u l a t i o n s  r epor t ed  i n  Technical  Memorandum No. 1 ind ica t ed  t h a t  

t h e  accuracy o f  t h e  numerical s o l u t i o n  could be improved when only t h e  

f i r s t  two terms of t h e  fol lowing equat ion (descr ib ing  t h e  h e a t  flow a t  

t h e  boundaries  of  t h e  f i n i t e - d i f f e r e n c e  model) were r e t a i n e d ,  a result 

having no l o g i c a l  explana t ion :  

However, f u r t h e r  s t u d i e s  were requi red  t o  

Also,  t h e  pre l imi-  

T (R*, t> - 5 T -k f ( Q o ,  R*S t) 
K 
R* 

Q" 31 - 

where R* = d i s t a n c e  from c e n t e r  of source ,  

- - -  - Qo = s t r e n g t h  o f  h e a t  source ,  and 

To = i n i t i a l  temperature  of t h e  l u n a r  medium. 
-. , 

Our f u r t h e r  a n a l y t i c a l  s t u d i e s  y i e l d e d  s i g n i f i c a n t  improvements i n  

t h e  agreement between exac t  and f i n i t e - d i f f e r e n c e  models--when a l l  terms 

of Equation (1) were r e t a i n e d  i n  t h e  d e s c r i p t i o n  of t h e  boundary condi t ions.  

Howeverp agreement between t h e  exac t  and computer models w a s  poorer  a t  re- 

gions c l o s e  t o  t h e  source  than  f o r  reg ions  far from t h e  source (a  d i s t a n c e  

corresponding t o  the  d i s t a n c e  between t h e  g rad ien t  s enso r  (hea t  source)  and 

A- 1 
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r i n g  senso r  l o c a t i o n s ) .  Fu r the r  numerical  s t u d i e s  were made using a one- 

dimensional phys i ca l  problem t o  determine whether t he  poor agreement nea r  

t h e  source  was due t o  d i f f e rences  between the  source geometries i n  t h e  

exac t  and f i n i t e - d i f f e r e n c e  models . (sphere and r i g h t  c i r c u l a r  cy l inde r s ,  

r e spec t ive ly )  o r  inadequacies  i n  t h e  f i n i t e - d i f f e r e n c e  model. Our work 

on t h e  one-dimensional mode l+wi l l  be  descr ibed  below, followed by a dis-  

cuss ion  of f u r t h e r  work on t h e  two-dimensional model. 

A. One-Dimensional (Line Source) Problem 

F in i t e -d i f f e rence  models were set  up f o r  t h e  problem of a t h i n ,  

c y l i n d r i c a l  h e a t  source  surrounded by a medium composed of concent r ic  

annular  r i n g s .  Numerical c a l c u l a t i o n s  were compared wi th  exac t  s o l u t i o n s  

f o r  t he  problem of a l i n e  h e a t  source  i n  an i n f i n i t e  medium. The motiva- 

t i o n  f o r  t h i s  s tudy  was t o  examine t h e  adequacy of  t h e  r a d i a l  subdiv is ion  

used i n  o u r  2-dimensional model f o r  p r e d i c t i n g  temperatures i n  the  l u n a r  

medium near t h e  source  of h e a t .  For t h e  one-dimensional problem, t h e  

h e a t  source  geometries f o r  t h e  f i n i t e - d i f f e r e n c e  model can be  made tr, 

c l o s e l y  resemble t h e  source  of h e a t  i n  t h e  exac t  model. This  was n o t  t r u e  

i n  ou r  work on t h e  two-dimensional problem because exac t  s o l u t i o n s  f o r  t h e  

problem of a f i n i t e  c y l i n d r i c a l  heat source  i n  an i n f i n i t e  medium are n o t  

a v a i l a b l e .  

F igu re  1 schemat ica l ly  i l l u s t r a t e s  t h e  r a d i a l  subdiv is ion  i n  t h e  

f i n i t e - d i f f e r e n c e  model which s imula tes  t h e  l i n e  source  problem. P e r t i n e n t  

in format ion  r e l a t i n g  t o  t h e  exact s o l u t i o n  and s p e c i f i c a t i o n  of parameters 

are presented  i n  F igure  2,  

i n  h e a t  sou rce  power, thermal  conduct iv i ty  levels and important  l o c a t i o n s  

i n  the  l u n a r  medium, two f i n i t e - d i f f e r e n c e  models were selected--one ap- 

p r o p r i a t e  t o  each mode of ope ra t ion .  

As shAwn i n  F igure  2, due t o  t h e  d i f f e rences  

I n ' t h e  Mode 2 ope ra t ion ,  accu ra t e  temperature  p r e d i c t i o n s  a t  

l o c a t i o n s  near t h e  source  ( i .e. ,  near t h e  h e a t e r  a t  a g rad ien t  s enso r  

loca t ion )  are important .  In  t h e  Mode 3 opera t ion ,  accu ra t e  temperature 

p r e d i c t i o n s  a t  remote l o c a t i o n s  from t h e  source  ( i .e. ,  n e a r  a r i n g  senso r  

l o c a t i o n )  are important .  Consequently i n  t h e  fol lowing d iscuss ion  c o w  

f a r i s o n s  b e m e e n  exact and numerical  s o l u t i o n s  -ill b e  important  a t  a 
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<- Thin c y l i n d r i c a l  h e a t  source  of 
s t r e n g t h  Q0/k (approximates l i n e  source)  \ 

U 

JBomdary 

Odd numbers are mean 
zone temperatures  
Even numbers are 
boundary temperatures  

Note: Fu r the r  d e t a i l s  given on Figure 2 

FIGURE 1 SCHEMATIC DIAGRAM OF FINITE-DIFFERENCE MODEL 
FOR LINE SOURCE PROBLEM 
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Nomenclature : 

r ad ius  of 

r ad ius  a t  

number of  

number of 

c y l i n d r i c a l  h e a t  source  ( t y p i c a l l y  0.02 cm) 

boundary 

r a d i a l  

r a d i a l  
as cons idered  i n  

c2a j -1 9 where c2 

subd iv i s ions  i n  t h e  region a 6 R $ 1 .27  c m  1 

subd iv i s ions  i n  t h e  region 1.27 cm 6 R 6 Rb (same 
2-dimensional f i n i t e - d i f f e r e n c e  model of lunar medium) 

is  a p a r a m t e r  which depends upon N 

m 

k = thermal  conduct iv i ty  

a = thermal  d i f f u s i v i t y  

Q,/R = s t r e n g t h  of  l i n e  source 

To = i n l z i a l  temperature of  l u n a r  medium 

Exact So lu t ion  f o r  Line Source of S t r eng th  Q - / R  i n  an I n f i n i t e  Medium: 
U 

Qo/R 
T ( rp t )  = To += (r2/4at> . 

Heat Flow Boundary Condition on Outer Surface of Last Annular Ring: 

2 
'boundary = Qoe-Rb/40t 

Model f o r  Mode 2 Experiment: 

l$ = 6 cm; a 

K = 1 x lGL4 w a t t / c m ° K  

= 0.02 cm; Q / R  = 0,002 w a t t ;  and 1 

Nodel f o r  Mode 3 Experiment: 

\ = 15 cm; aL = 0.020 cm; Q,/!2 = 0.3 w a t t ;  and 

-3 K = 1 x 10 w a t t / c m ° K  

FLGb233 2 DETAILS ON FINITE-DIFFERENCE S4ODEL FOR LINE SOURCE PROBUX 
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r ad ius  of approximately 1 . 2 7  cm f o r  t h e  Node 2 ope ra t ion  and a t  a r ad ius  

of approximately 10 c m  f o r  t h e  Mode 3 opera t ion .  

1. Resul t s  

Figure 3 i l l u s t r a t e s  a comparison of temperature  rise versus  

t i m e  €or  t h e  Mode 2 f i n i t e - d i f f e r e n c e  model and the  exac t  model of t h e  l i n e  

source problem. 

of 1.274 c m ,  and t h e  c i r c l e d  symbols denote  t h e  va lues  p red ic t ed  wi th  ou r  

computer program. Inc reas ing  t h e  number of r a d i a l  subdiv is ions  i n  t h e  

reg ion  1.27 6 R < R b g  N ,  and making t h e  a s soc ia t ed  changes , i n  K ,  t h e  num- 

d R ,< 1.27 produced no change i n  t h e  

The s o l i d  l i n e  i s  t h e  exac t  s o l u t i o n  a t  a r a d i a l  l o c a t i o n  

Sber of subd iv i s ions  i n  t h e  reg ion  a 1 
agreement between t h e  two models. The c l o s e  agreement between exac t  and 

f i n i t e - d i f f e r e n c e  models f o r  N = 5 sugges ts  t h a t  t h e  d iscrepancies  noted 

n e a r  t he  sou rce  i n  our  2-D model f o r  Mode 2 ope ra t ion  can be  a t t r i b u t e d  t o  

d i f f e rences  i n  t h e  geometry of t h e  h e a t  source  ( s p h e r i c a l  s u r f a c e  source  

versus  c y l i n d r i c a l  p i l l - shaped  source  i n  f i n i t e - d i f f e r e n c e  model). 

Although agreement f o r  t h e  2-dimensional, f i n i t e - d i f f e r e n c e  

model of t h e  l u n a r  medium was good a t  l o c a t i o n s  approximately 10 cm from 

t h e  c e n t e r  o f  t h e  source ,  w e  a l s o  examined t h e  r a d i a l  subdiv is ion  i n  t h e  

l u n a r  medium f o r  Mode 3 opera t ion  us ing  t h e  l i n e  source  model. 

which was shown dur ing  o u r  J u l y  10 meeting, p re sen t s  t h e  computed t e m -  

p e r a t u r e  rise a t  R = 10.0 cm f o r  t h e  Mode 3 f i n i t e - d i f f e r e n c e  model of 

t h e  l i n e  sou rce  and i l l u s t r a t e s  good agreement wi th  t h e  exac t  s o l u t i o n .  

Also shown on Figure  4 is  t h e  temperature  rise a t  R = 1.28. 

agreement i s  a l s o  good; b u t  t h e  p l o t  i n d i c a t e s  t h a t  t h e  computer r e s u l t s  

begin  t o  d e v i a t e  s l i g h t l y  from t h e  e x a c t  s o l u t i o n  a t  times of approxi- 

mately 500 minutes. I n  o r d e r  t o  i n v e s t i g a t e  t h i s  tendency f u r t h e r  and 

determine if Q d 
t h e  eomputes c a l c u l a t i o n  was repea ted  and c a r r i e d  o u t  t o  800 minutes. 
Figare  5 shows a comparison of cornpurer and exact results f o r  t h e  same 
problem up t o  a timz of 800 minutes.  The computed temperature rise a t  

R = 10.0 ccnt inues  t o  ag ree  very well w i t h  t h e  exact: s o l u t i o n ;  the devia- 

t i a n  between the compueed and exact r e s u l t s  a t  R = 1.28  beyond 500 minutes 

F igure  4 ,  

Here, t h e  

faon would a l so  occur  a t  R = 10.0 c m  a t  longer  times, 

increase but remains s t eady  a t  a value of approximately 2,5%. 
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Although w e  do no t  b e l i e v e  t h a t  t he  dev ia t ion  noted a t  the  

l o c a t i o n  nea r  t he  source  (R = 1.27 cm) has  an impact on our  work o r  t h e  
v a l i d i t y  of  t h e  computer models of t he  l u n a r  medium, w e  have i n v e s t i g a t e d  

var ious  p o s s i b l e  explana t ions  f o r  t h i s  e f f e c t .  

t a i n e d  t h e  r ad ius  o f  t h e  s o u r c e a  and doubled t h e  number of subdiv is ions  

i n  t h e  reg ion  al 6 R 6 1.27 cm ( inc reased  K from 10 t o  20) and obta ined  

r e s u l t s  i d e n t i c a l  t o  those  shown i n  F igure  5. 

c a l c u l a t i o n s  cons ider ing  t h e  source  as a c y l i n d r i c a l  s u r f a c e  source  and 

observed no d i f f e rence  i n  computed r e s u l t s .  We expect  t h a t  t h e  small 

dev ia t ion  (2.5%) noted  a t  R = 1.27 c m  can b e  r e l a t e d  t o  the  f a c t  t h a t  

For example, w e  have main- 

1 

We have a l s o  pc:- .xed 

. t h e  a n a l y t i c a l  model has  a l i n e  sou rce  and the  f i n i t e - d i f f e r e n c e  model 

has  a f i n i t e  c y l i n d r i c a l  source.  

n e a r  f u t u r e .  

We w i l l  examine t h i s  p o s s i b i l i t y  i n  t h e  

2. Conclusions 

Our s t u d i e s  of  t h e  l i n e  sou rce  have enabled us  t o  check t h e  

requirements f o r  r a d i a l  subd iv i s ions  i n  t h e  l u n a r  medium f o r  accu ra t e  

p r e d i c t i o n s  c l o s e  t o  t h e  source  €or  t h e  Mode 2 ope ra t ion  m d  remote from 

t h e  source  f o r  t h e  Mode 3 opera t ion .  

are summarized below: 

. 
P e r t i n e n t  conclusions from this s tudy  

1) I n  t h e  Mode 2 model, accu ra t e  s o l u t i o n s  are 

obta ined  wi th  5 r a d i a l  subdiv is ions  i n  Ehe 

reg ion  1 .27  c m  6 R < %. 
2) I n  t h e  Mode 3 model, a c c u r a t e  s o l u t i o n s  are 

ob ta ined  wi th  6 r a d i a l  subd iv i s ions  i n  t h e  

reg ion  1 .27  c m  4 R 

Best numerical  s o l u t i o n s  are obta ined  when 

the i n t e g r a t i o n  parameter (a)  i n  ou r  thermal 

analysis computer program is s p e c i f i e d  as 1.0. 

3) 

, 

B. Two-Dimensional Model o f  Lunar Medium 

Our approach' for desc r ib ing  a 2-dimensional, f i n i t e - d i f f e r e n c e  

model of t h e  lunar medium f o r  use i n  ou r  thermal a n a l y s i s  of t h e  lunar medium 
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w a s  descr ibed  i n  Reference 1. 

followed by a d i scuss ion  of o u r  more r ecen t  r e s u l t s  and conclusions.  

The approach w i l l  be  b r i e f l y  reviewed he re ,  

The l u n a r  mediumwas modeled as a series of concen t r i c  a n n u l i  

of vary ing  th i ckness  i n  the  r a d i a l  d i r e c t i o n  and equa l ly  spaced subdiv is ions  

i n  t h e  vertical d i r e c t i o n  as i l l u s t r a t e d  i n  Figure 6. 

ium conta ins  an i n n e r  core  (0 6 R d 1 . 2 7  c m ) ,  s o  t h a t  computed r e s u l t s  can 

b e  compared w i t h  exact s o l u t i o n s .  

experiments,  t h i s  i n n e r  co re  w i l l  b e  removed and rep laced  by t h e  h e a t  flow 

probe d r i l l  cas ing ,  and a p p r o p r i a t e  thermal  couplings between t h e  d r i l l  

cas ing  and t h e  l u n a r  medium. 

The homogeneous med- 

I n  an a n a l y s i s  of t h e  conduct iv i ty  

Parameters involved i n  t h e  model and p e r t i -  

nen t  in format ion  r e l a t i n g  t o  t h e  boundary condi t ions  are shown i n  F igure  7. 
A t  t h e  boundar ies ,  t h e  h e a t  flow from t h e  s u r f a c e s  are matched w i t h  t h e  form 

of s o l u t i o n  shown i n  F igure  7 f o r  a spher ica l - sur face  source.  

1. Resu l t s  

I n  reviewing comparisons here between t h e  computed r e su l t s  

and the  exact s o l u t i o n ,  i t  is important  t o  cons ider  t h e  following: 

' 1) I n  t h e  f i n i t e - d i f f e r e n c e  model, t h e  h e a t  source  

has  t h e  shape of a s o l i d  c i r c u l a r  cy l inde r ,  

wh i l e  t h e  exact s o l u t i o n  a p p l i e s  t o  a s p h e r i c a l  

s u r f  ace source.  This  d i f f e r e n c e  should be  

most important  a t  reg ions  i n  t h e  l u n a r  medium 

c l o s e  t o  t h e  h e a t  source.  It i s  important  t o  

n o t e  however t h a t  checks on t h e  subd iv i s ion  

c l o s e  t o  t h e  source were made i n  t h e  work 

descr ibed  above f o r  a one-dimensional problem, 

where t h e  geometr ical  d i f f e r e n c e  between exac t  

and f i n i t e - d i f f e r e n c e  source  is small. 

2) Comparisons between exact and f i n i t e - d i f f e r e n c e  

models are made as a func t ion  of R ,  t h e  dis-  

t ance  from t h e  c e n t e r  of  t h e  source  t o  t h e  loca- 

t i o n . o f  interest  i n  t h e  l u n a r  medium. We cal- 

c u l a t e  R i n  t h e  f i n i t e - d i f f e r e n c e  model as the  
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+I &-- 1 .27 cm Boundary 
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Note: F u r t h e r  d e t a i l - s  g i v e n  on F i g u r e  7 

FIGURE 6 L +.AATIC DIAGRAM OF FINITE-DIFFERENCE MODEL FOR 
2-DIiZNSIONAL MODEL OF LUNAR MEDIUM 
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Nomenclature : 

R =  

%I= 

% =  
N =  

M =  

- 
Qo - 
T =  

k =  
. o  

a =  

t =  

r a d i a l  discance t o  boundary of annular  c y l i n d r i c a l  xes 

d i s t a n c e  from o r i g i n  t o  boundary i n  the  r a d i a l  d i r e c t i o n  

d i s t a n c e  from o r i g i n  t o  boundary i n  t h e  ver t ical  d i r e c t i o n  

number o f  r a d i a l  subd iv i s ions  i n  t h e  reg ion  1 .27  cm 6 R 6 R 

number of equally-spaced ver t ical  subdiv is ions  

s t r e n g t h  of h e a t  source 

i n i t i a l  temperature  o f  lunar medium 

thermal  conduc t iv i ty  of l u n a r  medium 

thermal  d i  f f us i v i t  y 

t i m e  

R 

Heat Flow Boundary Condition on Outer Boundary of Lunar  Medium: (from 

a n a l y s i s  of s p h e r i c a l  s u r f a c e  source) 

Model f o r  Node 2 Experiment: 

= 6 em; Rz = 6 cm; Qo = 0.002 w a t t ;  k = lxlO-' w a t t / c m * K .  RR 

Node1 f o r  Mode 3 Experiment: 

\ = 15 cm; RZ = 12 cm; Qo = 0.5 w a t t ;  k = w a t t / c m ° K  

FIGURE 7 DETAILS ON 2-DIMENSIONAL FINITE-DIFFERENCE .,u3EL OF LUMAR MEDIUM 
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d i s t a n c e  from t h e  c e n t e r  of t h e  source  t o  t h e  

c e n t e r  of a r a d i a l  boundary of an annular  

c y l i n d r i c a l  zone. 

t h i s  s u r f a c e  i s  the  temperature  averaged over  

t h e  s u r f a c e  and i s  no t  n e c e s s a r i l y  equal  t o  t h e  

c e n t e r  temperature  of t h e  su r face .  

The computed temperature  of 

Since t h e  h e a t  flows a t  t h e  boundaries are determined as a 

func t ion  of  t h e  abso lu te  d i s t a n c e  from a s p h e r i c a l  s u r f a c e  source ,  i t  is  

of  i n t e r e s t  t o  examine che computed r e s u l t s  from the  s tandpoin t  of r a d i a l  

symmetry. F igure  8 shows t h e  r a d i a l  temperature d i s t r i b u t i o n  i n  t h e  l u n a r .  

medium f o r  a Mode 3 Model ( i . e .$  Qo = 0.5 w a t t s ,  K = 2 x 10 

Rr = 15 cm) a t  a t i m e  of 500 minutes.  The c i r c l e d  X symbol corresponds t o  

t h e  va lues  computed from t h e  exac t  s o l u t i o n ;  t h e  d o t t e d  symbols correspond 

t o  t h e  va lues  computed us ing  t h e  f i n i t e - d i f f e r e n c e  model; and t h e  p l o t t e d  

cu rve  is  a f i t  t o  a l l  t he  p l o t t e d  p o i n t s .  Values obta ined  from computer 

s o l u t i o n  apply t o  p o s i t i o n  vec to r s  o r i g i n a t i n g  a t  the  c e n t e r  of  t h e  source  

and extending in var ious  angular  d i r e c t i o n s  t o  l o c a t i o n s  i n  t h e  lunar 

medium. 

p l o t t e d  curve i n d i c a t e s  t h a t  t h e  Mode 3 model i s  accura t e  (at t h e  t i m e  o f  

500 minutes) and t h a t  t h e  2-dimensional, f i n i t e - d i f f e r e n c e  model of  t h e  

l u n a r  medium preserves  r a d i a l  symmetry. 

-3 watt/cm°K, 

The c l o s e  agreement between exact and computed va lues  and t h e  

F igure  9 shows a comparison of exact and compped temperature 

rise a t  R = 8.811 em,  as a func t ion  of t i m e  up t o  1 ,000 minutes. The 

computed va lues  shown on t h i s  curve were obta ined  f o r  several va lues  of N, 
t h e  number of  r a d i a l  subd iv i s ions  i n  t h e  reg ion  1.27 cm 6 R < 15 em. 

The agreement i s  good up t o  t i m e s  of 500 minutes. As t i m e  

i n c r e a s e s ,  t h e  computed r e s u l t s  begin  t o  have a small dev ia t ion  from the  

exact so iue ion .  A t  a c3 -.e of a thousand minutes (approximately 8 hours)  

t h e  dev ia t ion  i s  5%. It is be l i eved  t h a t  t h e  dev ia t ion  can b e  accounted 

f o r  by a d i f f e r e n c e  i n  t h e  sou rce  geometries d i scussed  earlier.  

didence 2.51 t he  mathematical  model f o r  t h e  Mode 3 opera t ion  i s  re in fo rced  

by OUT results from t h e  one-dimensional problem, where we used $he same 

r a d i a l  sub?””visiotz i n  t h e  reg ion  1 . 2 7  6 R 6 

Our con- 

and obta ined  %oundary 



FIGURE 8 
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i;ZC;611RE 9 ~ ~ ~ ~ ~ T U R ~  RISE VERSUS TIME FOR MODE 3 MODEL 
OF LUNAR MEDIUM 
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cornpute4 r e s u l t s  e s s e n t i a l l y  i d e n t i c a l  t o  the  exac t  s o l u t i o n .  The uncer- 

t a i n t i e s  which arise because of t h e  dev ia t ion  w e  descr ibed  are be l ieved  

t o  be small compared t o  o t h e r  u n c e r t a i n t i e s  which can arise when ana lyz ing  

t h e  e&:cire experiment.  Nevertheless  w e  remain i n t e r e s t e d  i n  t h e  problem 

of t h e  l u n a r  medium and w i l l  eva lua te  approaches which have p o t e n t i a l  f o r  

improving o u r  understanding of  t h e  problem. 

2 e Conclusions 

Conclusions obta ined  from o u r  numerical  experiments performed 

wi th  2-dimensional model of t h e  l u n a r  medium are summarized below: 

Radia l  symmetry observed i n  2-dimensional 

model j u s t i f i e s  t h e  approach f o r  subdivid- 

i n g  t h e  lunar medium and spec i fy ing  t h e  

h e a t  f low boundary condi t ions .  

Accurate r e s u l t s  can b e  obta ined  wi th  rea- 

sonable  numbers of r a d i a l  subd iv i s ions ,  

ver t ical  subd iv i s ions ,  and heat-balance 

equat ions  as shown below: 

Mode 2 , Mode 3 
Operation Operation 

Number of r a d i a l  subd iv i s ions  5 6 

Number of  v e x t i c a l  subd iv i s ions  11 13 

Number of equat ions  f o r  model 
shown i n  Figure 6 181 253 

3) Best numerical  r e s u l t s  are obta ined  when t h e  

i n t e g r a t i o n  parameter (a) i n  ou r  thermal 

a n a l y s i s  computer program is s p e c i f i e d  as 1.0. 
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